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It has been reported that the gate leakage currents are described by the Frenkel-Poole emission (FPE) model, at
temperatures higher than 250 K. However, the gate leakage currents of our passivated devices do not accord with the FPE
model. Therefore, a modified FPE model is developed in which an additional leakage current, besides the gate (Iy), is
added. Based on the samples with different passivations, the /; caused by a large number of surface traps is separated from
total gate currents, and is found to be linear with respect to ((pB—Vg)O‘j. Compared with these from the FPE model, the
calculated results from the modified model agree well with the I,—V, measurements at temperatures ranging from 295 K to

475 K.
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1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs)
have lots of advantages, such as large critical electrical field,
high two-dimensional electron gas (2DEG) density and high
saturation velocity. Therefore, AlGaN/GaN HEMTs are suit-
able for realizing high-power and high-efficiency amplifiers
for the next generation wireless communication, satellite com-
munication and radar systems.!'"*! However, excessive gate
leakage current in the power AlGaN/GaN HEMT remains a
critical challenge. It is commonly believed that the high re-
verse gate leakage current is tunneling current caused by high-
density traps.>~1%1 Some of the researchers reported that the
reverse gate leakage current is dominated by Frenkel-Poole
emission (FPE) under high temperatures (> 250 K) and carrier
transport via trapped state near the gate metal/semiconductor
interface is a dominant source.!’"!

In this paper, the gate leakage currents of our passivated
devices are found not to accord with those from the FPE
model. Thus, a modified model of FPE is developed by imple-
menting an additional leakage current path besides the gate,
which is caused by passivation/semiconductor surface traps.
In order to separate the additional leakage current from the
total current and obtain the modified current expression, two
samples of AlGaN/GaN HEMTs are fabricated. One is with
ALD-AIN/PECVD-SiN, mixed passivation, and the other is
only with PECVD SiN, passivation. It is found that the mea-
sured data and the results from the modified model are in ex-
cellent agreement with each other at the temperatures ranging
from 295 K to 475 K.
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2. Device fabrication

The schematic cross-sections of the AlGaN/GaN HEMTs
are shown in Fig. 1. Two samples of AlGaN/GaN HEMTs
were fabricated by using the same material and device process-
ing, but with different passivation. Sample A was passivated
by PEALD AIN/PECVD SiN,, and sample B was only passi-
vated by PECVD SiN,. The AlGaN/GaN heterostructure was
grown by metal organic chemical vapor deposition (MOCVD)
on a 2-inch (1 inch=2.54 cm) SiC substrate. A 2-pum undoped
GaN layer, a 1-nm AIN spacer, and a 12-nm Aly3Gag 7N
barrier layer were epitaxed from the bottom to top. Room-
temperature Hall measurements show the 2DEG density of
1.08x10'* cm~2 and electron mobility of 2079 cm?/(V-s), re-
sulting in a sheet resistance of 278 Q /1.

PEALD AIN PECVD SiN PECVD SiN
AN ? 7 /
. 12 nm AlGaN . . 12 nm AlGaN .
1 nm AIN 1 nmt AIN
2 um GaN 2 um GaN

SiC substrate SiC substrate

Fig. 1. (color online) Cross sections of AlIGaN/GaN HEMTs: (a) Sample
A passivated by PEALD AIN/PECVD SiNy, (b) Sample B passivated by
PECVD SiN,.

The device isolation was formed by Cl,/BCl; plasma dry
etching. Then, the Ti/Al/Ni/Au metal stack deposition was
annealed at 850 °C for 30 s in nitrogen atmosphere to real-
ize ohmic contact (0.45 Q-mm). The source—drain spacing
was 8 um. After that, a 2-um Schottky gate with Ni/Au
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(50/200 nm) metal stack was deposited by electron-beam
evaporation, located in the middle of the source—drain spac-
ing. Sample A was passivated by 5-nm ALD-AIN and 50-nm
PECVD-SIiN, at 300 °C, while sample B was passivated only
by 50-nm PECVD SiN, at 300 °C.
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3. Results and discussion

The temperature-dependent gate current—gate voltage
(I;—V,) curves of Samples A and B are shown in Fig. 2. The
reverse gate current densities increase with increasing reverse

gate bias and temperature.
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Fig. 2. (color online) I;—V, characteristics of (a) sample A, (b) sample B, and In(Jy/E;) — Ero‘5 characteristics of (c) sample A and (d)

sample B.

For the high temperatures (> 250 K), the gate leakage
current is dominated by the emission of electrons via traps,
which is successfully explained by the FPE model. The cur-
rent density associated with FPE is given by®!

JFPE :MEre_q((Pt_ qEr/ﬂ:t‘:'s(‘«'())/ICT7 (1)

where E; is the electric field in the semiconductor at the gate
metal/semiconductor interface, ¢, is the barrier height for
electron emission from the trap state, € and € are the relative
dielectric permittivity and permittivity of free space, respec-
tively, g is the electron charge, T is the absolute temperature, k
is the Boltzmann’s constant, and M is a constant. Equation (1)

can be rewritten as

In(Jepe/Ex) = A(T)VE; + B(T), )
where
_ 9 q
AT = 57\ Tese 3)
__9%
B(T) = T +1In(C). @)

From Egs. (2)—(4), it can be found that In(Jppg/E;) should
be a linear function of Er0'5. However, the values of gate cur-
rent density J, of samples A and sample B do not accord with
those from the FPE model as shown in Figs. 2(c) and 2(d)
respectively. This is because there should be additional gate
leakage path (Region II) besides the leakage currents in Re-
gion I for FPE as shown in Fig. 3.
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Fig. 3. (color online) Tracks of electrons at high reverse gate voltage.
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Based on the Poisson equation, the width of the electrons
emitting from gate to the surface trap can be expressed as

Wiy = /M‘B,_Vg)? (5)
qivy

where N is the concentration of the ionized surface donor
trap, ¢p is the Schottky barrier height, and V; is the applied
gate voltage.

The vertical electric field in region II (as shown in Fig. 3)
can be expressed as

By, — Qu _ qWuNyZ _ gNy ©)
Y Cuthvarrier gs&oWnZ barsier €es’
hbarrier

where Cyr and Oy are the capacitance and the total electrons
emitting from the gate in region II, respectively, hpyrier 1S the
height of barrier, Z is the width of gate, and NI’I can be ex-
pressed as!!!]

;o 7 1
M = N“{l 1+exp[<<m—Ep>/kT]}
Ni

= 7
1 —I—CXp[(EF—(pH)/kT’ @
where
NH =N_ exp[—(E_ —EF)/kT], (8)
with
2(2mm* kT)3/?
N =—F——— )

h3 ’
N and @y being the concentration and energy level of the
surface donor traps, respectively, Er the Fermi energy level,
E_ the bottom of the conduction band, /4 the Planck’s con-
stant, and m* the efficient electrons’ mass around the bottom
conduction band. Combining Egs. (7) and (8), Nj; can be ex-
pressed as

0.5
—1+ {1 —|—4<]]\\;H) exp (EkT(PHﬂ
Ny = - (10)
H 2 e E7 _ (PH )
L exp [ 2=
NP\ T

where (E_—¢y)/kT is always much greater than 1, so equa-

tion (10) can be predigested as

E7 _
Nl = (N_Nip)®S exp (— 2}(;’“‘) (11

When Ey_, > Eppg (EfpE is the critical electric field for the
FPE, which is related not only to the surface traps, but also
to the bulk traps and dislocation-related continuum states in
the barrier.['3] With the increasing of Al mole fraction of

Al,Gaj_,N barrier, the dislocation-related continuum states

increase, which will reduce the barrier height for electron
emission from the trap state and Eppg), the gate leakage cur-
rent density in region II can be expressed as

Jj=ME_ye -~V L /REOM ()
The gate leakage current in region II can be expressed as
I = Wi/ 13)
Substituting Egs. (5), (6), and (12) into Eq. (13), I can
be written as

In =Ny/ (¢ —Vg), (14)

where

2gN
4 exp [— g(E- —n— L N{I/n)/kT} .(15)
Es €p€s

N=M

Based on Egs. (11), (14), and (15), it can be concluded
that the plot of I versus (¢ — Vg)o'5 should be a straight line.

In order to obtain the trap states at the gate
metal/semiconductor interface by Ci—f characteristics, large
area devices are fabricated. The gate areas of sample A’ passi-
vated by AIN/SiN, and sample B’ passivated by SiN,, are both
80 pmx 100 um. Figure 4 shows that the Ci—f characteris-
tics of samples A’ and B’ are almost the same, and C; can be
expressed as!!3]
arctan(27 fT)

2nft
where A is the area of Schottky gate, NV is the effective density

Ci=A""N, (16)

of interface traps, f is the frequency, and 7 is the trap time
constant relating to trap level.
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Fig. 4. (color online) C;—f characteristics of (a) sample A’ and (b) sam-
ple B'.
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Based on Eq. (16) and the measured Ci—f curve, it can be
concluded that the trap states at the gate metal/semiconductor
interface are the same for both samples A’ and B’ (N, and 7 are
3.39%x10'2 cm™2.eV~! and 4.4 us as shown in Fig. 4). The
passivation will not affect the gate metal/semiconductor inter-
face state, but it will affect the surface state besides the gate.
Therefore, only Ij; of sample A and sample B are not equal,
and Al; can be expressed as follows:

Aly = I,(B) —Ig(A) = n(B) — In(A)

= [N(B) =N(A)]\/ (98— V),

where N(B) and N(A) are only related to the temperature, the

A7)

concentration and energy level of surface traps. Therefore,
the plot of Al versus (¢ — Vg)O'5 should be a straight line.
The plots of temperature-dependent Al; versus (¢ — Vg)o'5
are shown in Fig. 5. The plots of Al, versus (¢p — Vg)o'5 are
almost straight lines at the temperatures ranging from 295 K to
475 K. This is a powerful proof for the additional gate leakage

current path besides the gate.
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Fig. 5. (color online) Plots of Al versus (¢ — Vi)
The modified model of FPE can be given by
Iy = Iy + Iy, (18)
where
I = JiLg = MLgE, e~ 9%~V aEx/Teso) /KT (19)

When |V,| < Vi, (|Vg| values for samples A and B are both
nearly 3.3 V), the electric field in the semiconductor under the
gate metal can be approximately expressed as
_ %V

hyarrier

Substituting Eqs. (14), (19), and (20) into Eq. (18), I can
be written as
_ MLy(98 — V)

Pbartier

E, (20)

1

X €Xp |:_Q<(Pt - \/ZI(an_gVGSEOhbarrier) /kT
+N/ (¢ —Va)

= Na(¢s — Vi) exp[Na + N3

+NV (98— Vo)),

(o8 —VG)
(21)

where N, N, N3, and Ny are only related to the temperature
and energy level of surface trap and also the concentration of
surface traps. When Vi, < Vy < —0.6 V, there is excellent
agreement between the measured /;—V, data and those from
our modified model for different temperatures as shown in
Fig. 6. However, deviations are observed between the mea-
sured I,—V; curves and the FPE model.
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Fig. 6. (color online) Comparison of the results from FPE model (red

dashed lines), and the modified FPE model (black solid lines) with the
measured reverse I;—V; data for different temperatures of sample B.

The modified FPE model is only suitable for the single
channel, but unsuitable for the AIGaN/GaN double-channel
HEMTSs.!!417] The capacitance in region II (Cyy) is comprised
of Cyyy and Cypp (as shown in Fig. 7), where Cyp is related to V.
Combining with Egs. (6), it can be concluded that the vertical
electric field in region II (Ey_y) is related to V,. Then, com-
bining with Egs. (5), (6), (12)—(14), it is clear that Iy versus
(¢ — Vg)o'5 will not be a straight line any more. Therefore, the
modified FPE model is unsuitable for the AlGaN/GaN double-
channel HEMTs.
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Fig. 7. (color online) AlIGaN/GaN double-channel HEMT.
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4. Conclusions

By considering the non-ideal interface states, a modified
model of gate leakage current in AlGaN/GaN HEMT is pro-
posed. Comparing with the FPE model, the modified model
introduces an additional leakage current path bypassing the
gate (Iy). In order to separate the gate leakage currents, two
samples with different passivation are fabricated. I is a lin-

ear function of (9p—Vg)"

, which is proved by the plots of
temperature-dependent Al,—(¢p — Vg)o'5 of samples A and B.
Moreover, the modified gate leakage current model is verified
by comparing with the measured temperature-dependent ,—
V; of sample B, showing excellent agreement. In addition, it
should be pointed out that the modified FPE model is only suit-
able for the single channel, but unsuitable for the AIGaN/GaN

double-channel HEMTs.
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