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In AIGaN/GaN heterostructure field-effect transistor structures, the surface defects and dislocations
may serve as trapping centers and affect the device performance via leakage current and low-
frequency noise. In this paper we report results of our investigation of the trapping characteristics
of SiO,-passivated Al,,Ga,gN/GaN heterostructure field-effect transistors using the capacitance—
voltage (CV) profiling technique. From the measured frequency dependent CV data, we identified
the characteristics of the traps at the AlIGaN/GaN interface adjoining the channel and on the surface
along the ungated region between the gate and drain. Based on the measured data, the influence of
the channel traps on the low-frequency noise spectra and the effect of the surface traps on possible
leakage noise are analyzed and compared with the previous studies.
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1. INTRODUCTION

Wide band-gap nitride semiconductors continue to attract
attention as the materials for novel optoelectronic and elec-
tronic devices with applications in microwave communi-
cations, power and high-speed electronics.'™ In addition
to their wide band-gap, excellent electronic transport
properties have been achieved in nitride heterostructures
using the piezoelectric enhancement mechanism. The two-
dimensional electron gas (2DEG) with the sheet carrier
density higher than 10'* cm™2 and the room temperature
mobility above 2000 cm?/Vs can be achieved at the
AlGaN/GaN interface.>® GaN-based heterostructure field
effect transistors (HFETSs) have demonstrated a very high
breakdown voltage and good power transfer ability.”-®
However, due to the structural imperfection, a lot of dis-
locations and defects can be generated during material
growth and fabrication. As the source of trapping states
in current leakage and low-frequency noise, these defects
and dislocation need to be carefully studied. For the pro-
posed application in microwave and optical communica-
tion systems, it is important to have the device running
at low flicker noise level since it contributes to the phase
noise of the system and degrades its performance.’!!
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The low-frequency flicker noise characteristics can also be
used for inspection of the quality of the semiconductor
materials.!> 13

The 1/f noise is conventionally characterized by the
dimensionless Hooge parameter a = (S;/R?) fN, where N
is the number of the electrons, f is the frequency, S is the
noise spectral density and R is resistance. Previous studies
have shown that AIGaN/GaN HFETs fabricated on sap-
phire and SiC substrate can have a relatively low Hooge
parameter at the level of 107 (Refs. [9-11, 14]). The low-
frequency noise in GaN/AlGaN HFET displayed features
characteristic of the carrier-density type fluctuations. The
flicker noise in GaN-based transistors was attributed to
the electron tunneling from the channel to the traps dis-
tributed through the adjoining GaN or AlGaN layers.!> 6
It has also been suggested that non-uniform trap distribu-
tion can be responsible for deviations from the 1/f low
in the noise spectra.’ Recently, it was reported that the
flicker noise in GaN/AlGaN HFETs can be dominated by
the noise produced though the dislocation leakage paths.!’
The possible mechanism includes leakage current from the
gate, which delivers carriers to and from the traps located
on the surface and near the dislocation lines in the bar-
rier layer. To better understand the effects of the traps on
the noise characteristics in GaN-based devices, a variety
of experimental techniques should be applied.
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In AlGaN/GaN HFETs, the surface donor-like traps on
top of AlGaN layer can act as sources of electrons in
the channel.'® In addition to the surface traps, the elec-
tronic traps can be found in different locations in the
device structure, including the barrier or channel layers,
the barrier-channel interface or the metal-semiconductor
interface. The nature and formation of the trap states
depend heavily on the material quality and device fabri-
cation technology. In the cases when a passivation layer
is used in the fabrication of GaN transistors, the state of
the surface traps (passivated surface traps) changes from
the free dangling-bond state to the passivated interface
state. The latter leads to the corresponding change in the
trapping processes and their effect on the transistor char-
acteristics. Although it has been acknowledged that sur-
face passivation technology can improve the transistor
performance in many aspects, including the current level,'
breakdown field? and noise figure,!” the mechanism of the
improvement and the effect of different passivation tech-
nologies, i.e., SiO,, Si;N,, Sc,05 or SiON, on trap charac-
teristics and GaN/AlGaN HFET performance has not been
studied in detail yet.

Capacitance—voltage (CV) profiling is a well-developed
characterization technology for investigation of the car-
rier distribution in semiconductor heterostructures.?! In CV
measurements, the frequency dispersion provides useful
information on the trap states in semiconductors.?? In pre-
vious studies, CV profiling has been applied to determine
the interface 2DEG density and distribution*and the trap
concentration in AlGaN/GaN heterostructures.”* In this
paper, we report the CV profiling measurements at differ-
ent frequencies from both the large area circular Schottky
diode and the small-area gate—source and gate—drain con-
tacts on SiO, passivated Al,,Ga,sN/GaN HFETs. From
the measured frequency dependent CV profiling data, we
identified the AlGaN/GaN interface traps near the chan-
nel and the surface traps along the access region between
the gate and drain. The effect of the interface traps on the
channel noise and the surface traps on possible leakage
noise is discussed based on the extracted trapping state
characteristics. The rest of the paper is organized as fol-
lows. Section 2 describes the device fabrication and mea-
surements. Section 3 presents the measured results and
analysis. The conclusions are given in Section 4.

2. DEVICE FABRICATION
AND MEASUREMENTS

The Al,Ga,¢N/GaN heterostructure was grown on a
semi-insulating SiC substrate by the metal organic chem-
ical vapor deposition (MOCVD) technique. The growth
began with a thin AIN nucleation layer and was followed
by 1.2 uwm undoped GaN, 50 nm undoped GaN channel,
3 nm undoped Al,,GaygN spacer and 15 nm Si doped
(6 x 10" cm™®) Al,,Gay 4N barrier layers. Mesa isolated
circular Schottky diode with a diameter of 100 wm was
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fabricated on the grown wafer for CV profile measure-
ment. The HFET fabrication steps included mesa isola-
tion, source and drain Ohmic contacts formation, gate
Schottky contact formation and surface passivation. The
mesa isolation was achieved by the ion implantation of
As*t at 75 keV and the dose of 1.27 x 10" cm?; As* at
375 keV and the dose of 4.32 x 10'! cm?; and He' at
75 keV and the dose of 5.43 x 10'" cm?. The source-
drain Ohmic contacts were formed using Ti/Al/Ni/Au
(200 A/800 A/400 A/1500 A) metal layers. The contact
metal multilayer was deposited by the e-beam evapora-
tor and lift-off technology, followed by 900 °C N, ambi-
ent rapid thermal annealing for 30 seconds to reduce
the contact resistance. The contact resistivity of less
than 107® Qcm? was obtained using this processing
method. The gate Schottky contact was formed by Pd/Au
(200 A/6500 A) metal layers. To obtain a good Schottky
junction, a proper surface treatment is required before the
metal evaporation. After pattern transfer, O, descum and
30 s buffered oxide etchant (BOE) dip were conducted
to remove residues and the thin oxide layer at the con-
tact area. After BOE dip, the sample was cleaned by di-
water rinse and N, blow dry. The contact metal was also
deposited by the e-beam evaporator. After the above pro-
cesses are finished, a 270 nm SiO, layer was deposited by
the plasma enhanced chemical vapor deposition (PECVD)
to provide surface passivation. The metal contact windows
were opened with BOE etching. Devices with metallurgi-
cal gate length 1 um, gate width 20 to 50 wm and source
to drain distance 3 um are fabricated.

The CV profiling measurements were performed using
an upgraded Aglient 4284A LCR meter combined with
Signatone high-frequency probe station. The oscillation
frequency range of the LCR meter is from 20 Hz to
1 MHz. The DC bias applied to the gate—source (drain)
was from 0 V to —6 V and the AC signal was kept at
40 mV. At each frequency, the LCR meter was carefully
calibrated to compensate for the parasitic resistance from
the measurement circuit. The data accumulation was auto-
mated by the LabVIEW software.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 1 shows the measured capacitance from the Schot-
tky diode at 50 KHz and 1 MHz. From the data of 1 MHz
measurement, we derived the apparent carrier concentra-
tion versus depletion depth (N, — w) profile as shown in
the inset. From the charge conservation equation:?!

n, = /j; Ny (w)dw = /

00

n(z)dz (1)

The sheet carrier concentration obtained from (Ngy — w)
profile is about 10" cm™. The measured CV pro-
filing data have been compared with the simula-
tion results obtained by solving the one-dimensional
Poisson—Schrodinger model.? In the simulation procedure,

259

3710114V HOHV3S3d



RESEARCH ARTICLE

Capacitance—Voltage Spectroscopy of Trapping States in GaN/AlGaN Heterostructure Field-Effect Transistors

Liu et al.

0.5 T T T
50 KHz
*  Exp.
0.4 - —— Mod.
'
IS
S
w 03
3
o 2
2 s
S ®
S 02 2
o 8
g Exp., IMH2*
o * Exp., 2
0.1 5 —.~Mod. b
0_1017
< T N SR
18 20 22 24 26 28 30 32 3
W (nm)
0.0 H : L .
-4 -2 0

Vg (V)

Fig. 1. The measured capacitance (points) from the circular Schottky
diode at 50 KHz and 1 MHz compared with the simulated results (line)
obtained from the one dimensional Poission—Schrodinger model with
polarization effect included. The inset figure shows the apparent car-
rier concentration versus depletion depth (N, — w) profile derived from
the 1 MHz measurement (points) and the one dimensional Poission—
Schrodinger model (line).

the input AlIGaN/GaN HFET structure parameters such as
Al content, layer thicknesses and the doping concentration
were chosen to be the same as in the fabricated HFETSs
structure. The polarization charge at the interface induced
by the piezoelectric and strain fields is included in the
simulation. The simulated CV and Ny (w) — w curves are
shown as lines in the figure and inset respectively. The
frequency dispersion of capacitance and its dependence on
gate bias is demonstrated in the figure. The threshold volt-
age V,, of our material is about —3.8 V. It can be seen that
the most significant dispersion appears when the gate is
biased before the threshold. In the region where the chan-
nel is pinched-off (below —4 V) or fully open (close to
0 V), the measured capacitance varies little with the fre-
quency. The observed dispersion shows the response of
the trap states in the HFET structure to the applied AC
oscillations.?* The shape of the dispersion and the bias
potential suggest that the location of the traps is possibly
barrier layer near AIGaN/GaN interface or in the 2DEG
channel. The extraction of the trap state characteristics fol-
lows the method developed for MOS structure.?® The mea-
sured capacitance C, ., can be written as

(Cg, ch)_l = (Cb)_l +(Con + Cn)_l (2)

where C, is the barrier capacitance, C, is the channel
modulation capacitance, and C, is the trap capacitance.
The barrier capacitance, which approximately equals the
capacitance at zero bias, is insensitive to the frequency
variations. It has been shown that the traps adjoining
the depleted channel demonstrate a multi-level energy
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distribution.?* At the specific gate bias, C, can be extracted
from the measured data using Eq. (2) and from which the
density of trap energy level and time constant can be esti-
mated using the equations

=G ( G/C__CulGy ) o)
g \1-C¢/C, 1-Cy/C,
and
D, 1
C., = _— 4)

7 g 2mwfttan(2wft)
where D, is the density of the trap energy levels, C;; and
C, are the measured low and high frequency capacitances,
respectively, and 7 is the trap time constant. From the
measured bias dependent CV data, the values of D, from
~10" cm™? eV~! to ~5 x 102 cm™2 eV~! with the time
constants at ~us level can be obtained.

In addition to the hetero-interface and the channel layer,
another major source of the traps, which might contribute
to the noise, comes from the ungated or passivated sur-
face. The surface traps may show their effect in the fringe
capacitance between the gate—source and the gate—drain
contacts. When a bias is applied between the gate and
drain, the depletion region is formed by: I, the channel
area underneath the gate, and II, the area between gate and
drain. Based on the effective gate-length extraction theory,
the measured capacitance is composed of three parts:?’

Ctot ( ng) = Céhannel ( ng) + Cfringe ( ng) + Cpad (5)

where C,, is the total measured capacitance, C,, . 1S the
capacitance component from the gate covered channel area
as defined in Eq. (2), Cy;p,e is the fringe capacitance from
the ungated area between the gate and drain and C,,q is
the pad capacitance between the electrodes. V,q is the bias
voltage between the gate and drain. It has been shown that,
for transistors with the same pad patterns and fabrication
process, the pad capacitance is nearly constant and inde-
pendent of gate bias, and C,pye; and Cigo Varies linearly
with the gate width W. Therefore one can extract the pad
capacitance using

Cm(W) ~ Cl,ch+fr W+ Cpad = Cm(W = 0) ~ Cpad (6)

from different gate width measurements. In Eq. (6), C| .,
is the capacitance from both the gated channel and ungated
access area normalized to the unit gate length. Following

the same principle, the effective gate length L, ., which
is dependent of bias level, can be extracted by
Ciot (Vaa1) — G (V,
Lg’eff(vgd) — [¢ t( gdl) [¢ t( gd2) (7)
w- [Cchannel(vgdl) - Cchannel(vgd2)]
with the conditions that
Vi Vi
0>V, Vaai> Var > = and Vg — Voo K 5 (8)

Figure 2(a) shows the measured gate—drain capacitance
as the function of the gate bias from the 20 um gate
and 50 um gates at 1 MHz. The C,,,4 extrapolated from
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the small gate bias of the two measurements is about
40 fF. Once C,,q is known and Cg,pye 1s obtained from
the circular Schottky diode, the fringe capacitance can be
extracted from the measured gate—drain capacitance using

0.6 T T T T T T T T
= 50 um

(a)
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Eq. (4). The extraction method is described in Ref. [27].
Here, we show the extraction results for the 20 uwm gate in
Figure 2(b), which shows the Cy, Copanner» and Cipge Val-
ues as the functions of the gate—drain bias V4. The peak
on the Ci;,,e curve, which may not appear in reality, is an
artifact of the way it has been calculated: near the pinch-
off, the shape of the depletion region is somewhat round
while the non-uniformity is included in Cfringe.27 From this
figure one can also observe the pinch-oft-like behavior of
the extracted Ci.- A possible explanation of this is the
surface-fixed charge depletion effect.” It is interesting to
note that such pinch-off-like behavior of the fringe capaci-
tance is essentially identical to the second gate effect sug-
gested by Vetury et al.?® Figure 2(c) shows the extracted
effective gate length as a function of bias. It can be seen
that at effective gate length varies around the metallurgical
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Fig. 2. (a) Capacitance between the gate—drain area measured from
20 wm gate and 50 um gate at 1 MHz. (b) Measured capacitance C,,,
channel capacitance Cg,,,,, obtained from the circular diode, and the
extracted fringe capacitance C;,,. as the functions of the gate—drain volt-
age V, . (c) The extracted effective gate length as a function of gate bias.
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Fig. 3. (a) CV profiles of the gate—drain area at several oscillation
frequencies (50 KHz, 100 KHz, 500 KHz, and 1 MHz) measured
from the 20 wm gate. (b) Frequency sweep CV measurement data
from 50 KHz to 1 MHz at the gate bias of —3 V. The fitting of
the measured data using Eq. (9) gives time constant 7 = 63 us and
D, =6x10"? cm™? eV~
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gate length (1 wm) at low gate bias, may become much
larger when the gate voltage approaches threshold.

The example of Ci;,,. shown in Figure 2 is obtained
from the measured capacitance at 1 MHz. Following sim-
ilar procedure one can extract the Ci,,. from frequency
dependent CV measurement and obtain the trap status
about the defects/dislocations near the surface. Figure 3(a)
shows a typical gate—drain CV profiling data measured
from the 20 wm gate at frequencies 1 MHz, 500 KHz,
100 KHz, and 50 KHz. Appreciable dispersion is observed
in the measured data. The pattern of the gate—drain capac-
itance dispersion is quite different from the circular Schot-
tky diode shown in Figure 1. Taking into consideration the
insensitivity of barrier pad capacitances to the oscillation
frequency and the relatively small dispersion in the chan-
nel capacitance, it is reasonable to attribute the observed
frequency dispersion to the traps in the fringe capacitance,
i.e., the surface states in the access region. To further iden-
tify the origin of the traps, we conducted the frequency
sweep of the capacitance at the different fixed gate bias.
Figure 3(b) shows the sweep data from 50 KHz to 1 MHz
at gate bias of —3 V. It is interesting to see that the fre-
quency sweep curves at different biases can be fitted with
a single trap response given by the formula®
Di/q

Cn=Cat 1+ Qmfr)? ©)
where C,, is the measured capacitance and C is the con-
stant capacitance at high frequency. The fitting results are
shown as the solid line in Figure 3(b). From the fitting,
the trap state with the time constant 7 =63 us and D;, =
6 x 102 cm™2 eV~! is obtained. This result suggests that
the traps are likely in the ungated region between the
gate—drain, possible resulting from the SiO, passivation
layer.

The CV measurement demonstrated that the traps
adjoining the channel and at the ungated surface have the
time constant at the range of us and that their density
and activation energy depend on the bias energy level.
These trapping states can manifest themselves in the noise
measurements at different frequencies and bias conditions.
Several studies have shown that the carrier number fluc-
tuation due to the carrier trapping and detrapping is the
major source of noise in GaN HFET channel.>!!16.30
The generation-recombination (g-r) bulge, a typical indica-
tion of number fluctuation mechanism, has been observed
in the noise spectra of GaN/AlGaN HFETs.3>3 The g-r
bulges, according different studies, are normally observed
at the frequencies from several KHz. To understand the
effect of the measured us level traps on the transis-
tor noise, we simulated the noise spectra in GaN/AlGaN
HFETs using the number fluctuation model. Assuming a
trap state with specific spatial distribution N,exp(—ay) and
the time constant 7, =1 us located adjacent to the channel
within thickness d, the normalized noise density S;(y) xorm
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can be calculated as

T,exp(ay)

1+Q2mfr)?exp(2ay) Y
(10)

where N, is the background uniform trap distribution, 7,
is the specific trap time constant, a is at the scale of the
inverse of the atomic distance, N, is the specific trap den-
sity, a parameter dependent on the material structure and
the fabrication technology. In the simulation, we consider
two cases, N, = 100N, and N, = 10N, to elucidate the
influence of the trap densities on the noise spectra.

In Figure 4 the solid lines are the simulated noised spec-
tra of the two cases. It can be seen that, when N, > N, the
traces of the bulge is apparent even when f is smaller than
1 KHz. While in the case N, = 10N,, the trace of bulge
is indicated when f is higher than 10 KHz. On the other
hand, the large trap density results in the higher noise level
near the knee frequency. To compare with the experimen-
tal noise data, we included in Figure 4 the measured noise
densities at different temperatures from AlGaN/AIN HFET
reported in Ref. [30]. The data are normalized at certain
low frequency values and shown as points in the figure.
The comparison of the simulated and measured results
indicate that the traps with ws time constants and densities
determined from the CV profiling indeed contribute to the
flicker noise in the GaN HFETs.

The effect of the traps on the low-frequency noise
can also be seen in the noise density (S;) dependence
on the effective gate bias V. It has been found that
the main contribution to the noise in GaN/AlGaN HFETs
can come from either the channel or ungated region
between the source and drain, under either the channel or
the ungated region resistance domination.'® However, at

d
SI(V),Norm =[) [Nsexp(_ay) +NO]
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certain frequencies, S; — V does not follow either V' or
V5 dependences often observed in GaN HFET noise. It
has been suggested that the surface-trap-dislocation related
leakage paths cause the deviation.!” The deviation of the
Vs dependence reported in Ref. [17] is obtained at about
10 KHz, which is within the range of frequencies for
the 7 = 63 us surface trap determined in this study. It
should be noticed though that the passivation layer used
in Ref. [17] is Si;N, while the one used in this study
is SiO,. At present time, no detail study on the surface
related leakage noise has been conducted.

4. SUMMARY

We conducted frequency dependent CV measurements on
both circular Schottky diode and HFETSs fabricated on
Al),GagN/GaN heterostructure grown on SiC substrate.
From the CV profiling data we identified that the traps
adjoining 2DEG channel have the density of the trap
energy level D, from ~ 10" cm™ eV™! to ~5 x
10" cm™2 eV~! and the time constants in the us range.
From the measured gate—source capacitance the fringe
capacitance between the gate—drain access region is
extracted, and a single level trap with 7 = 63 ws and
D, =6x 10" cm™ eV~ is derived from the measured
fringe capacitance dispersion. Using the trap parameters
obtained from the CV data, we simulated the noise spectra
of GaN/AlGaN HFETs with the specific 7, =1 us trap and
compared the results with previous experimental studies.
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