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Abstract—Charge trapping in gallium-nitride (GaN) metal-
insulator-semiconductor high-electron-mobility transistors (MIS-
HEMTs) is a serious reliability challenge but is still poorly un-
derstood. A promising opportunity to investigate physical defect
properties has become available through nanoscale GaN fin-MIS-
HEMTSs which are small enough to be sensitive to the impact
of individual defects. In this work, we extract the properties
of four pre-existing single defects, which are identified by their
correlated random telegraph noise (RTN) signals and step heights.
We use a two-state non-radiative multi-phonon (NMP) model
to extract their vertical positions, their trap levels and their
apparent activation energies. We show that they are in close
proximity to each other within the barrier layer and also share
a similar trap-level despite their different capture and emission
times. Furthermore, TCAD simulations are used to estimate the
influence of the vertical and horizontal positions of single-traps
which are in reasonable agreement with the experimental data.

I. INTRODUCTION

Superior electronic properties like high breakdown voltage,
low on-state resistance and high switching frequency compared
to conventional transistors make GaN/aluminum-gallium-
nitride (AlGaN) high-electron-mobility transistors (HEMTs)
promising candidates for high-power and high-frequency de-
vices [1]. Recently, a promising approach to create normally-
off devices, which are essential for switching applications,
was presented by using nano-sized fin-MIS-HEMT structures
[2]. Nonetheless, charge trapping is still a severe reliability
issue in GaN devices. Unfortunately, due to the complicated
electrostatics and the relatively high defect densities, experi-
mental characterization of the responsible defects is extremely
challenging. One reason is that for large area devices only
ensembles containing a large number of defects can be assessed
by measurement. Broad distributions of capture and emission
times and Coulomb feedback of the traps further complicate
the analysis of individual trap properties [3], [4]. To gain a
better insight into the physical mechanisms of charge trapping
and the nature of the involved defects, nanoscale devices are
very promising because they allow to investigate individual
single-defect properties [5].

II. EXPERIMENTAL
To study charge trapping at the single-defect level we
probed a 50 nm x 1 um fin-MIS-HEMT [2]. The device consists
of a 30nm thick AlGaN barrier (30% Al) on top of a 80 nm
GaN channel layer and a 2um thick highly resistive GaN
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Fig. 1: The simplified device geometry used for our simu-
lations. A 30nm thick AlGaN barrier is placed on top of a
80nm thick GaN channel layer. The thickness of the Al,O3
gate oxide is 20nm and the fin length is 1pm [2]. In the
TCAD simulations, the access regions and the source and drain
lengths were scaled down to limit the computational effort.

buffer. After the formation of the fin structure, the metal gate-
stack (Ni/Au) was formed on top of a 20 nm Al,O3 gate oxide,
see Fig. 1. The RTN measurements were performed using our
TDDS measurement instrument (TMI) and converted to AV,
using the transfer-characteristics of the device [6].

III. SIMULATION SETUP

The 3D-simulations were performed on a slightly simplified
device geometry, where the access regions and source/drain
contacts were scaled to achieve reasonable computational ef-
fort. For the device simulations we used our device simulator
Minimos-NT [8] and the net piezoelectric charge at the barrier-
buffer interface was chosen according to [9]. The piezo-
electric charge at the barrier-oxide interface and the doping
concentrations of the channel were obtained by calibrating
our simulation setup to experimental I4(Vg) characteristics
at different temperatures (Fig. 2). The doping concentration
in the highly-resistive GaN bulk was obtained utilizing the
sidewall-accumulation observed in narrow-width devices [7].
A thermionic field emission model was used to describe
the transfer of electrons and holes from the channel to the
dielectric interface [10].
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Fig. 4: The step height distributions of the traps ‘A’ and ‘B’
at a gate voltage of —2.1 V. The capture times of the traps
(top) are well separated and can be clearly distinguished. The
emission times (bottom) overlap and the marginal distribution
can thus only be reliably extracted using the histograms of the
transition times shown in Fig. 5.

binned into a histogram and afterwards the mean capture and
emission times can be obtained by considering exponentially
distributed transition times [5], see Fig. 5:
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To estimate the trap position given the experimentally
observed step height of the defect, TCAD simulations with
single defects at different positions along a horizontal cut
0.5nm above the hetero-interface (xup) and a vertical cut
through the middle of the channel ( ) were performed
(Fig. 6). The horizontal dependence of the step heights arises
from the sidewall depletion of the fin, which decreases the
influence of a single charge on the overall current. On average,
traps closer to the channel will have a stronger impact on AVy,
than traps deeper in the barrier or even the insulator.

Randomly distributed charges due to e.g. random dopants
and defects will result in a distribution of step heights, compare
shaded areas in Fig. 6. These distributions suggest that our
single traps reside close to the barrier/channel interface. When
comparing the simulated step heights to the measurements and
the extracted trap positions in Table I, a deviation can be
observed. This can either be attributed to the dominant traps
being at an especially critical place in the percolation path or
some other source of variability missing in our simulations
[13].

Using a two-state NMP model, the trap-level as well as the
trap-position can be derived directly from the bias-dependence
of the capture and emission times. In Fig. 8, the effective
conduction band edge energies with the quantities used for
the parameter extraction as well as a schematic configuration
coordinate diagram of a two-state NMP process are shown.
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Fig. 5: The histograms of the capture (top) and emission
(bottom) times show the number of transition events at a
certain gate voltage and temperature. The capture and emission
times of each individual trap are exponentially distributed [5]
which allows to estimate the mean values of 7. and 7.

The bias dependence of the reaction barriers can be used to
extract the trap levels and the vertical positions of the defects.

Starting from the Arrhenius equation, the voltage depen-
dence of the capture and emission times is equal to the voltage
dependence of the capture and emission barriers (E. and &,,
see Fig. 8).
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The trap level shift for a certain gate voltage can be
calculated by looking at the difference of the capture and
emission barriers, which is equivalent to the shift of the barrier
potential at the position of the trap. This can be used to relate
the voltage dependence of the capture and emission times to
the voltage dependence of the surface potential ¢;.
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If band-bending is neglected, the surface potential can
be calculated using a capacitive voltage divider. With the
thickness of the barrier fy,, and the permittivities of the barrier
and the oxide, epsr and €4, the gate voltage dependence of ¢
is given by:

kg @)

3

1 trap
b5 = 1+ har for Tbar Vg (4)
Eox Ibar

The local shift of the trap level then linearly depends on
the trap position, which can be used to calculate the vertical
position of the trap yipp:

& 0E
trap = (tbax + toxSL::) a_Vg ()

3B-5.3



RDD — 250K
al : — 275K ||
o : — 300K
o .
s’ gl
E 5
= 2l W LS L
noise-level
1t i
O 5 10 15 20 25 30 35 40 45 50 55 60 65
Xtrap (nm)
5 R
: — 250K
b —_ 275K ||
: — 300K
5 3 g
- Bis
Sl | . e s i it s i
noise-level
1} ‘ !
Y S S A O S I
0 5 10 15 20 25 30 35 40 45

ytrap (nm)

Fig. 6: To estimate the step heights caused by individual
defects, single charges were placed horizontally along the
channel interface and vertically through the middle of the
channel in the barrier or oxide, respectively. The threshold
voltage shifts were directly extracted from the corresponding
I4(Vg) curves.

Once the trap positions are known, the corresponding trap-
level can be calculated by converting the intersection point of
7. and 7. (where Efq, = ET) into an equivalent shift of the
trap-level. The surface potential ¢, ¢ and the band offset of the
AlGaN layer at the hetero-interface ¢, were taken from the
TCAD simulations to calculate the trap level:
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The temperature activation of the process can be extracted
using the Arrhenius equation for the capture and emission
times at the intersection point of 7. and 7, see Fig. 9. The ap-
parent activation energy of an NMP process can be calculated
starting with the expressions for the NMP barriers assuming
equal curvatures of the two pontential energy surfaces (R = 1)

[5]:
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For the strong electron-phonon coupling regime (Er > &),
the expressions can be expanded to:
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Fig. 7: The weak voltage dependence of the capture times
of the four individual defects suggests a defect location close
to the channel. Further evidence for this assumption is given
by the fact that the RTN occurs at negative gate voltages,
where electron trapping through the barrier into oxide defects
is very unlikely. Furthermore, the defect pairs share the same
intersections and voltage dependency, suggesting a strong
coupling.

Er.g q

Fig. 8: Left: The schematic conduction band diagram of
the fin-MIS-HEMT structure with the extracted quantities.
The surface potential at V, = OV was taken from TCAD
simulations. Right: Schematic of the adiabatic potential energy
surface of a two-state NMP defect. When band-bending in
the barrier is neglected, the trap level depends linearly on the
applied gate voltage.
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Equation (8) shows that the apparent activation energy of
the process is dominated by the relaxation energy Eg ~ 464
of the NMP process. The similar extracted activation energies
Ea for the different traps are likely a consequence of the
narrower distributions of defect properties present in crystalline
materials like the AlGaN barrier compared to amorphous
oxides.

The results of the parameter extraction can be seen in
Table I. The extracted vertical trap positions of the correlated
traps are in close proximity. Since their intersection points
match very closely, they also share a similar trap level although
their absolute time constants are different by at least one order
of magnitude. Another observation, namely the similar defect
properties of defects ‘A’, ‘C’ and ‘B’, ‘D’ apart from their
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Fig. 9: The Arrhenius plot of the four investigated defects. All
defects share about the same temperature activation energy
&, = 0.15eV. This observation supports the validity of the
extracted trap positions because of the crystalline AlGaN layer
having a narrower distribution of defect properties than the
amorphous oxide.

Ytrap Er ko Er

TP my @) ) (@)
A 6.7 0.63 1.1x107 0.63
B 5.8 059 55x10° 0.61
C 9.2 0.68 7.3x10° 0.59
D 9.8 072 52x10° 0.62

TABLE I: The defect properties extracted from Fig. 7. The
extracted vertical trap positions show that the correlated trap
pairs ‘AB’ and ‘CD’ lie indeed in close proximity to each
other. The extracted trap levels of the defect pairs also match
closely, confirming their similar positions within the barrier.
Their similar intersections, their voltage dependence and their
correlated behaviour suggest that the potential energy surface
around defects ‘B’ and ‘D’ changes while defects ‘A’ and ‘C’
have captured an electron.

positions also supports the conclusion that crystalline defects
within the barrier layer have been measured. One explanation
for all of the observed behaviour, namely (i) the correlated
RTN behaviour, (ii) the similar trap levels and (iii) the similar
voltage behaviour, can be the local potential energy surface
seen by the defects ‘B’ and ‘D’, which obviously changes if
defects ‘A’ and ‘C’ capture a charge.

V. CoNcLUSsIONS

We have extracted the properties of four individual traps
in the barrier producing RTN in a nanoscale fin-MIS-HEMT
device. We are able to extract their approximate horizontal
and vertical positions using two methods, (i) by comparing
random dopant distribution (RDD) simulations with the step
height of the defects, (ii) a more reliable approach given by
examining the bias dependence of the capture and emission
times. The activation energies and trap levels of the defect pairs

are found and show similar values. We stipulate that the similar
defect properties confirm the observation that the correlated
RTN behaviour of the trap pairs can be attributed to a strong
electrostatic coupling.
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