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ABSTRACT

The electron trapping in AIGaN/GaN high-electron mobility transistors (HEMTs) with iron (Fe)-doped buffer is investigated through Drain
Current Transient (DCT) measurements and TCAD physics-based 2D device simulations. The DCT characterization reveals two prominent
deep-level electron traps E1 (~0.5 eV) and E2 (~0.6 V) in the AlIGaN/GaN HEMT. The measured DCT spectrum is analyzed at different
trap-filling pulse durations (10 ys—100 ms) to obtain the information of trapping kinetics. As the first step in the simulation, the TCAD
physical model parameters are calibrated by matching the simulated DC characteristics with the experimental data. It is shown that the
TCAD model incorporating the acceptor-type trap at Ec — 0.5 eV in the GaN buffer quantitatively reproduces the measured DCT spectra over
the temperature range of 25-100 °C. To explore the buffer trapping effects, the simulated DCT is inspected by varying the activation energy,
capture cross section, and concentration of the buffer trap.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0064493

I. INTRODUCTION

The GaN buffer layer is intentionally doped with compen-
sational impurity such as iron (Fe) for reducing buffer leakage
and punch-through currents, enhancing carrier confinement in the
2DEG and increasing the breakdown voltage of AlGaN/GaN high-
electron mobility transistor (HEMT) devices. ~ The Fe-doping
induced acceptor-like traps electrically compensate the residual
background donor impurities in the buffer region, thereby resulting
in a highly resistive GaN buffer layer.”” Nevertheless, electron trap-
ping in the buffer promotes current collapse/dispersion, increased
ON-resistance (Ron) and dynamic shift in threshold voltage, and
restricted microwave output power and efficiency, hindering the
dynamic operation of the HEMT.'™* Thus, buffer trapping is the
major obstacle in the AIGaN/GaN HEMT technology for its suc-
cessive integration in next generation microwave and high-power
systems. Hence, defect characterization and simulation studies are
essential to acquire the information of deep-level traps in the device
and to control Fe-doping incorporation in the buffer during the
epitaxial layer growth.

Drain Current Transient (DCT) spectroscopy is a power-
ful time domain technique to characterize deep-level traps in
AlGaN/GaN HEMTs. """’ The Low-Frequency (LF) output admit-
tance (Y2)'"'*""” and drain noise'®*° characteristics have also been
used to identify traps in HEMTs in the frequency domain. In our ear-
lier works, buffer trapping influenced the Y5, parameters,""” """ and
the drain noise'” properties of the AlGaN/GaN HEMT were studied
through the effective calibration of simulation results with the mea-
sured data. There are extensive reports in the literature on TCAD
simulation analysis for drain current transient properties of the
AlGaN/GaN HEMT.*”'""' Tirado et al.”* analyzed trapping effects
on the drain-lag and gate-lag transient responses of AlGaN/GaN
HEMTs and obtained good agreement between the simulated and
experimental drain current transient characteristics at room tem-
perature. Chini et al’! identified from the TCAD simulations that
the negative peak in the DCT derivative spectra (i.e., decreasing cur-
rent step in the DCT) is produced due to the hole emission from
the acceptor-like trap at Ey + 0.9 eV located in the carbon-doped
GaN buffer layer. However, in most of the articles, simulated DCT
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characteristics were compared with the measured spectra only under
room temperature conditions. In this work, the DCT experiments
are conducted to characterize the deep-level traps in the AlIGaN/GaN
HEMT with Fe-doped buffer. After that, TCAD simulations are per-
formed to investigate the buffer trapping effects on static [-V and
DCT characteristics of the HEMT and also to identify the physi-
cal location of the deep-level traps. Particularly, the simulated DCT
spectra are validated with the experimental data over the tempera-
ture range of 25-100 °C. Thus, the effective interpretation of mea-
sured DCT characteristics with the TCAD simulations is demon-
strated in this work. Moreover, the simulated DCT is inspected as a
function of buffer trap activation energy, capture cross section, and
acceptor concentration to understand the buffer trapping impact on
the DCT properties of the AlGaN/GaN HEMT.

Il. EXPERIMENT

The investigated HEMT device consists of a GaN/AlGaN/GaN
heterostructure grown on a silicon carbide (SiC) substrate. The epi-
taxial heterostructure layer contains an Fe-doped GaN buffer layer,
undoped GaN channel layer, Aly25Gag7sN barrier layer, and thin
GaN cap layer. The transistor features a T-gate design with 0.15 ygm
length and a gate width size of 8 x 50 um?. The AlGaN/GaN HEMT
device structure also has a source terminated field plate configura-
tion and silicon nitride (SiN) surface passivation. Further details of
the HEMT cannot be disclosed due to intellectual property rights.

A. DCT characterization

At first, static Ips—Vps and Ips—Vgs properties of the HEMT
were measured at room temperature by using the AMCAD AM 3200
pulsed I-V system. The drain current (Ips) transient measurements
were conducted by using 2 pulse generators (Agilent HP 81110A
and HP8114A) and two DPOs (Tektronix DP07054) to monitor the
drain current. The DCT characterization was carried out in two
phases, and each transient spectrum was measured under isother-
mal conditions (in a stabilized temperature). In the initial phase, the
drain voltage (Vps) was increased from 10 to 20 V and retained
for a sufficient amount of time to populate (fill) the traps in the
device. In the second phase (after the trap-filling pulse #), Vps was
instantly reduced to 10 V, and the Ips transient recovery spectrum
was recorded with respect to time from 1 ys to 1 s (six decades of the
time scale). The gate voltage (Vs) was maintained at a particular
bias in order to get Ips = ~50 mA/mm during the DCT experiments.
To compute the trap parameters from the Arrhenius relation, the
DCT spectra were acquired for five different chuck temperatures
from 25 to 125 °C. Moreover, the DCT characterization was per-
formed by varying the duration of the trap-filling pulse (f = 10 us,
100 ps, 1 ms, and 100 ms) to acquire the information of trapping
kinetics.

lll. SIMULATION DETAILS

The 2D device simulations are carried out in the commercial
Sentaurus TCAD™ software from Synopsis Inc. The AlGaN/GaN
HEMT structure considered in the simulation is shown in Fig. 1.
The Schottky contact is used for the gate metal with a work func-
tion of 4.7 eV, while the Ohmic contact is utilized for the source
and drain electrodes. A fixed sheet charge having equal density

scitation.org/journal/adv

(0por = £1.23 x 10" cm™2) but opposite polarity is defined on
either side of the AlGaN barrier layer to emulate the polarization
produced charge in the AlGaN/GaN heterostructure,'>'>'7!%21777
A fixed interface charge density (Ginerface) Of =2 x 102 cm™2 is
placed at the SiN/GaN interface to incorporate the charges exist-
ing in the SiN dielectric layer along with the polarization charge
at this interface region.'””° The physics-based models* such as
the drift-diffusion model for charge transport, temperature depen-
dent carrier mobility due to bulk phonon scattering, the Canali
carrier mobility model for high field saturation, no bandgap nar-
rowing, Fermi statistics, thermionic emission at the heterojunction,
Shockley-Read-Hall (SRH) recombination for trap-assisted carrier
transition, and Auger recombination are considered in the simula-
tion. The radiative recombination model is also activated to account
for the band-to-band carrier transitions in the GaN and AlGaN
(direct bandgap) materials. The studied AlGaN/GaN HEMT was
fabricated on a high-thermal conductivity SiC substrate,'”'”***” and
the adopted drain bias voltage range in the DC characterization is
Vs < 10V, so the device self-heating effects are less pronounced
in static I-V. Moreover, self-heating in the drain current transient
response is found to be negligible.'”'"*** Hence, the thermal effects
are not incorporated in the charge transport model.

The widely accepted surface donor model theory states that the
surface donors are the major source of electrons for the 2DEG.”*" If
the AlGaN barrier thickness exceeds the critical value (dcg > 3.5 nm),
the surface donor energy goes above (or reaches) the Fermi level;
as a result, electrons are transferred from the surface donors (ensu-
ing positively ionized donors op™ at the surface) to the AlGaN/GaN
interface and the subsequent formation of the 2DEG.”*"’ The energy
location of the surface donor has been empirically identified at
Ec - 1.65 eV?’ (1.65 eV below the conduction band edge) in the
Alp34GagssN/GaN heterostructure and at Ec - 1.42 eV*® in the
Aly27Gag73N/GaN structure. Following the surface donor theory
and experimental findings, in the simulation model, surface donor
energy (Erp) is located at Ec — 1.4 eV at the GaN/SiN ungated inter-
face. The surface donor density (op) is taken as 2 x 10" cm™2, along
with the equal electron and hole capture cross-sections oup = 0pp
= 107"° cm?; these values are more appropriate for validating the
simulation results with the experimental data. Trap parameters
deduced from the DCT experiments are included in the GaN buffer
region as acceptor-like traps (discussed in Sec. IV). In a stationary
state, the net carrier recombination rate (Rye ) through a single trap
level in the bandgap is implemented in the TCAD physical model
as’

Nov:’hvfhonap(np )
v on(n+n1/gn) + thgp(P +p1/g)’

Ryt = (1)

where N is the trap concentration, vy, is the carrier thermal veloc-
ity, o is the capture cross section of the trap, and the n and p
indices are associated with the electron and hole, respectively. Under
the assumption of identical electron and hole capture cross sec-
tions (0, = 0p) and unit degeneracy factors (g, = g, = 1), Eq. (1) can
be further simplified in a form of well-known SRH approximation
(R
np — n,
R = Pt @
Tp(n+mn1) + a(p +p1)
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where 7 is the electron concentration in the conduction band; p is
the hole concentration in the valence band; n;. is the effective intrin-
sic carrier density; 7, and 7, denote the effective electron and hole
lifetimes, respectively, which are incorporated in the SRH recom-
bination statistics as a doping-dependent, electric field-dependent,
and temperature-dependent factor; and #; and p, represent the addi-
tional carrier concentrations corresponding to the trap energy,”

1 = tie exp(Etrap/KT), p1 = nie exp(—Euap/kT),  (3)

where Eqp indicates the energy difference between the trap level and
intrinsic level, k is the Boltzmann constant, and T is the temperature.
In the transient simulation, the rate of change in the electron occu-
pancy (f") of a trap level (trap occupation dynamics) due to the
electron capture and emission processes is given as™

of" n n
L =S e fes @

1

where 1 - f" is the probability for a trap to be unoccupied by an
electron, ¢, is the electron capture rate for an unoccupied trap state,
and e, is the electron emission rate for an occupied trap state,*?

Cn = N0 Vi, (5)

(6)

€n

_ onvjNe exp(—EC - ET)
kr )

where N is the effective density states in the conduction band (Ec)
and E7 is the trap energy.

As the first step in the simulation, the static I-V characteristics
of the HEMT are replicated to calibrate the TCAD physics-based
model parameters. Afterward, the DCT simulations are performed
in a mixed mode circuit configuration. A piecewise linear voltage
source’” is selected for pulsing operation at the drain terminal based
on the experimental Vps switching conditions, whereas a DC volt-
age source is chosen for the gate terminal. After the trap-filling pulse,
the Ips transient sweep is started from the initial time of 1 us, and
the sampling time of the transient is augmented according to the
ramping step size and parameters until reaching the target time
(1 s) of the sweep. Accordingly, the drain current transient recovery

ARTICLE scitation.org/journall/adv

AlGaN i GaN

+opol
FIG. 1. (a) Schematic cross section of
the GaN/AIGaN/GaN HEMT structure
used in the simulation. (b) Polarization
charges defined at each material inter-
face in the physical device simulation.
O2DEG

spectrum of the HEMT is simulated over the six decades of the time
scale (1 ps-1 s). The simulated DCT spectra are obtained for dif-
ferent temperatures (25-100 °C) and also for the various trap-filling
pulse durations (5« =10 ps, 100 ps, 1 ms, and 100 ms).

IV. RESULTS AND DISCUSSION
A. Measured DCT spectroscopy

Figure 2(a) shows the measured DCT spectra (filling time
# = 100 ms) of the AlIGaN/GaN HEMT with Fe-doped buffer for
temperatures ranging from 25 to 125 °C. The gate voltage Vs is kept
constant in order to obtain a quiescent current of ~50 mA/mm, and
the drain voltage Vps is pulsed from 10 to 20 V and is maintained at
20V for 100 ms; then, it is changed again to 10 V. The drain current
transient response is measured just toward the end of the trap-filling
drain pulse. These biasing conditions correspond to the deep class
AB operation mode, which is widely used for designing RF power
amplifiers. The increasing current trend in the DCT reveals that
the Ips transient recovery process may be due to the thermal emis-
sion of electrons from an active trap present in the device.””'*”" To
extract the emission time constant (7,) of the detrapping phenom-
ena, the measured DCT data (I, ) are fitted by the sum of stretched
exponential functions in a least mean square approach,”*”’

N —t\Ai
Iﬁtting = ZAO +A; exp (7) > (7)
i=1

Tn,i

where N denotes the number of exponentials used for the DCT fit-
ting (I f,-m,,g), Ay is the constant, A; is the fitting parameter, and /3i is
the stretching factor. The DCT fitting is effectively accomplished in
such a way to minimize the I, — I ﬁmd|2 error at the experimental
data points.” The dashed lines in Fig. 1(a) represent the fitted DCT
spectra. Note that the unity stretching factor ; = 1 is considered in
all the fitted transients; thus, the carrier detrapping kinetics follow a
pure (non-stretched) exponential behavior.”””’ On the other hand,
the stretched exponential nature in the DCT can be represented by
the condition j3; # 1.7 The derivative spectra [0Ips/d logio(t)] of the
fitted DCT data are plotted in Fig. 2(b). Two distinct positive peaks
(labeled E1 and E2) are observed in the DCT derivative spectra.
Among these peaks, E2 is visible in the DCT spectra only at higher
temperatures (>75 °C), suggesting that defect E2 is located deeper in
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FIG. 2. (a) Measured DCT spectra (filling time & = 100 ms) for AlGaN/GaN HEMT
with Fe-doped buffer at different temperatures (25-125 °C); the dashed line rep-
resents the fitted DCT by the stretched multiexponential functions. (b) Derivative
spectra [0lps/O logy(f)] of fitted DCT data reveal two trap signatures E1 and E2.

the bandgap than E1. The peaks E1 and E2 are found to move toward
lower time constants (7,) with increasing temperature, so the carrier
emission rate is a thermally activated process, as per Eq. (6).

The information regarding the capture kinetics of the traps E1
and E2 can be obtained by analyzing the trap-filling time depen-
dency on the DCT signal amplitude.”™” Figures 3(a) and 3(b) depict
the DCT derivative spectra of the HEMT acquired at the tempera-
tures of 25 and 125 °C for different trap-filling times (#). There is

AIP Advances ARTICLE scitation.org/journal/adv

no considerable change in the 0Ips/0logio(t) signal magnitude of
trap E1 upon increasing the filling time from 10 s to 100 ms in the
investigated temperature range (25-125 °C). Similarly, the E2 signal
amplitude is almost unchanged at two different filling times # =1
and 100 ms, as observed from Fig. 3(b). If the DCT signal has a loga-
rithmic dependence on the trap-filling time, the respective trap level
may be associated with the highly localized defect states (defect clus-
tering along dislocations).””" In this case, the capture rate of the
defects may be reduced due to the repulsive Coulomb barrier estab-
lished by the already trapped electrons, so the defects clustered along
dislocations may have variable capture cross section values.””*’ In
this work, the DCT signal amplitude of E1 and E2 is unaffected by
the duration of the filling pulse, specifying that the traps E1 and
E2 are related to the point defects and are localized with identical
capture cross sections.”"”

The carrier emission time constant associated with the trap is
extracted from the peak maximum position of the DCT derivative
spectra. Accordingly, the emission time constant (7, ) of E1 and E2
is noted at different temperatures, and the activation energy and cap-
ture cross section of the traps are calculated by using the rearranged
emission rate equation (6),13°1°

In(7,T?) = AkI; —1n("";#fc). (8)

Figure 4 shows the ln(‘rnTz) vs 1/kT plot for traps E1 and E2
obtained at various filling times # = 10 us to 100 ms. Typical
Arrhenius-like properties (i.e., linear curve fitting) are observed
in the emission time constants of E1 and E2; therefore, the trap-
ping/detrapping dynamics associated with traps E1 and E2 are essen-
tially governed by the conventional SRH recombination mechanism.
The slope of the Arrhenius plot yields the activation energy of traps

FIG. 3. (a) DCT derivative spectra

HHH— e acquired at the temperature T = 25°C
T =125°C for various filling times (¢ = 10 us,
100 ps, 1 ms, and 100 ms). (b) DCT
derivative spectra at T = 125 °C for two
different filling times (¢ = 1 and 100 ms).
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FIG. 4. Arrhenius plots for traps E1 and E2 obtained from the measured DCT at
different trap-filling times (%).

E1 (0.49-0.5 eV) and E2 (~0.6 eV). From the intercept of the Arrhe-
nius plots, the capture cross section (0,4) of defects E1 and E2 is cal-
culated as (3-5) x 107'€ and ~8 x 1077 cm?, respectively. As trap E2
has a higher activation energy and lower capture cross section than
E1, the DCT spectra show the evidence of E2 only at higher temper-
atures (275 °C) in the measured time range (1 ys-1 s) by referring to
the emission rate equation (6). Moreover, E2 is not detected in the
DCT spectra attained for shorter filling times (¢ < 1 ms) possibly due

to their low capture cross section of 8 x 1077 cm?, according to the
capture rate equation (5). The increasing current steps in the DCT
and the positive peaks in the derivative spectra suggest that E1 and
E2 are electron traps positioned at the energy level Ec — Erp. 2137
As Fe-doping is employed in the GaN buffer layer, it is supposed
that traps E1 and E2 may be related to the Fe-doping incorporation
in the buffer. Nonetheless, at this point, the energy position (electron
or hole trap), physical location (buffer or barrier), and type (acceptor
or donor-like state) of the traps are still not verified from the exper-
imental observations. Hence, the DCT simulations are performed
to identify the energy position, spatial location, and nature of the
traps.

B. Simulated DC characteristics

The main purpose of the static I-V simulation is to calibrate
the TCAD physical model parameters. After many simulation iter-
ations, it is found that the following material and physical param-
eters play a crucial role in deciding the DC characteristics of the
HEMT:"""""""***"" polarization charge (0,,) at the heterointerface,
buffer trap energy (E74), concentration (N4 ), surface donor energy
(Etp), gate metal work function (®¢), electron mobility (4,), and
saturation velocity (vs") in the GaN. Among these parameters,
N4, pin, and ve" values are varied for model calibration, while
the other parameters are selected based on our experimental results
and the literature data. The polarization charge at the AlIGaN/GaN
heterointerface is computed based on the theoretical model by
Ambacher et al.*! The total polarization charge (Ppol) in the device

ARTICLE scitation.org/journall/adv

structure comprises the strain induced piezoelectric polariza-
tion (Ppg) component and the spontaneous polarization (Psp)
component,“‘42

Ppor = (PpE + Psp) 416y — PspGan, ©)
a-a C
Ppp =2 0 (631 - €33£), (10)
ao Css
Psp = (~0.052x - 0.029) (Cm™?), (11)

where x is the Al mole fraction in the AlGaN layer, a is the lattice
constant of the strained layer, aq is the length of the hexagonal edge,
e31 and es3 are the piezoelectric coefficients, and Ci3 and Cs3 are
the elastic constants. The analytical expressions for the elastic con-
stants and piezoelectric coefficients are given elsewhere.’""” Using
Egs. (9)-(11), the polarization charge of 0,0 = +1.23 x 10 cm™
has been calculated for the AlGaN/GaN HEMT simulation.'® It is
worth remembering that the surface donors are placed at Ec - 1.4 eV
based on the surface donor theory and experimental reports. The
electron trap E1 (identified from the DCT experiment) is included
in the physical model at Ec - 0.5 eV as an acceptor-like state
in the GaN buffer region; the electron capture cross section of
Ona = 3 x 107 cm? is taken from the experimental data, and the
hole capture cross section (0,4 = 10720 sz) is assumed.

The Schottky barrier height for the Ni/GaN Schottky contacts
is reported as 0.8-0.85 eV.” " Accordingly, the gate metal work
function (®g) is selected as 4.7 €V in the simulation, and the elec-
tron affinity () of GaN is 3.9 eV. The Sentaurus device internally
computes the Schottky barrier height (@) according to the well-
known expression of ®p = O — x. Figure 5 shows that the transfer
(Ips-V gs) characteristics of the AlIGaN/GaN HEMT are simulated at
different @ values (from 4.5 to 4.9 eV). A positive shift in threshold

12+ - .
@, effect on Iy .-V ¢ Vps=10V

1.0} — Simulation @;=4.5 eV
Simulation @; =4.7 eV
0.8 L = Measured IV

Simulation @;=4.9 eV|

increasing @

I, (A/mm)
S
(o))

04t .
02} 1
0.0F .
54 3 2 a1 o
Ves (V)

FIG. 5. Simulated transfer (Ips—Vgs) characteristics (at Vps = 10 V) of the
AlGaN/GaN HEMT for different gate metal work functions (®g = 4.54.9 eV) at
room temperature.
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voltage (Vry) is noticed upon increasing @g, as per the following
equation:"’ "

2
VTH:%—AEC-%"S@ - L4+ ), (12)

where ®@p is the Schottky barrier height, AE¢ is the conduction band
offset at the AlGaN/GaN interface, ¢ is the permittivity of the AlGaN
material, Ny is the doping concentration in the AlGaN barrier layer,
dy is the thickness of the AlGaN barrier layer, d; is the thickness
of the AlGaN spacer layer (i.e., total thickness of the AlGaN layer
d =d; + d;), and o is the polarization charge at the heterointerface.
The magnitude of the threshold voltage | V| and drain current (Ips)
values are found to decrease with increasing @¢ (see Fig. 5) due to
the corresponding modulation in the 2DEG density under the gate
region.

The acceptor trap concentration in the buffer (Nua
= 10" cm™) is chosen based on the comparison between the
measured and simulated DC and transient characteristics. The
considered acceptor density (10”7 cm™) is found to be more
appropriate for the Ips transient simulations (refer to Secs. IV C).
The electron mobility and saturation velocity in the GaN are fine
tuned to achieve the desired output drain current characteristics in
the linear and saturation regions. The important parameters used in
the static and transient simulations of the AlIGaN/GaN HEMT are
summarized in Table 1.

The DC characteristics presented in this article are obtained at
room temperature. Figure 6 displays the simulated and measured
transfer (Ips—Vgs) characteristics of the AlGaN/GaN HEMT at
Vps = 10 V, together with the transconductance (g,») properties.
The TCAD simulation model provides good agreement between the
simulated and measured Ips-Vgs, with the same threshold voltage
of Vi = —3.6 V. It is seen in Fig. 6 that the transconductance ini-
tially upsurges with increasing Vs and reaches a maximum value of
~370 mS/mm around Vs = —2.5 V. Beyond that voltage, g, is found
to decrease with Vgs, thereby resulting in a bell-shaped g, curve,
which has been normally observed in AlGaN/GaN HEMTs.”’** The
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FIG. 6. Comparison of simulated and measured transfer (/ps—V ss) characteristics
of the AIGaN/GaN HEMT at Vps = 10 V is shown along with the transconductance
(gm) properties at room temperature.

due to the non-linear increase in the source-gate and gate-drain
resistances at higher Ips values.”’ > It is also shown in Fig. 6 that
the simulated g, closely tracks the experimental data.

The simulated output (Ips—Vps) characteristics of the HEMT
are an excellent match with the measured data for different gate
voltages (Vgs = —3.5-0 V), as illustrated in Fig. 7. Furthermore, the
simulation model has shown its capability in predicting the DC char-
acteristics of other HEMT devices in the same batch/wafer. Hence,
the validated DC simulations confirm the reliability of the TCAD
physical model.

The detailed studies of the buffer trapping effects on the static
-V characteristics are reported elsewhere;'”* hence, the outcomes
are briefly discussed in this article. The simulated energy band dia-
gram under a static bias condition (Vps = 10 V and Vgs = -1 V)

unfavorable decline in the transconductance at higher Vs may be 1.2 T T T T T T
Measurement : Symbols Ves=-35V 100V :step0.5V
1.0 _Simulation : Lines i

TABLE I. The important parameters used in the static and transient simulations of .

AIGaN/GaN HEMT. ~ osh ]
s .

Parameters Values £

Gate work function (@g) 4.7 eV < 06f )

Polarization charge (0,,1) £1.23 x 10° cm™? NE

Electron affinity (y) in GaN 3.9eV 04r )

Electron mobility (4,) in GaN 1400 cm?/V s

Electron saturation 02r )

velocity (ve") in GaN 1.6 x 107 cm/s

Surface donor parameters Emp=Ec-1.4¢eV, 0.0F b

Buffer trap signatures

_ 13 -2 1 1 I 1 L 1
Nip =210 cm = 0 2 4 6 8 10

Vos V)

OuD = O‘pD = 10_15 cm
ETA = EC -0.5 CV,
Nra =107 em™,

Ona =3 x 10716 cm?,
Opa = 107%° cm®

FIG. 7. Simulated output (/ps—Vps) characteristics of the AlGaN/GaN HEMT vali-
dated with measured data for varying gate voltages Vs = —3.5-0 V at a step of
0.5V at room temperature.
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FIG. 8. Simulated energy band diagram under static bias condition (Vps = 10 V
and Vs = —1V) along the vertical cutline at the gate-edge toward the drain-side.

along the vertical cutline at the gate-edge toward the drain-side is
shown in Fig. 8, where Ej and Ers denote the Fermi level and
buffer trap energy position, respectively. Note that the buffer traps
are taken as acceptor-like states in the simulation. The acceptor
traps located below the Fermi level are occupied by electrons and
turned into a negatively ionized state (N4~ ). On the other hand,
the acceptors positioned above the Fermi level have a neutral state
as they are unoccupied. It is identified that almost complete ioniza-
tion takes place near the 2DEG; then the ionized acceptor density
(NTa™) decreases along the vertical downward direction of the buffer
layer due to the relative variation in the Fermi level with respect
to Ega, as perceived from Fig. 8. The Ips—Vps properties are sim-
ulated by varying the buffer trap concentration N4 (here, Ez4 = Ec
~ 05 eV and opa = 3 x 107 cm? are fixed) and buffer trap
energy Er4 (with fixed Nyy = 107 cm™ and 0p4 = 3 x 1071 cm?)
and are plotted in Figs. 9(a) and 9(b). As expected, a significant
reduction in Ips is noticed after increasing N4 from 8 x 10 to
1.5 x 10" ¢cm™ because of the augmented electron trapping in
the buffer (N4~ increases) and the corresponding decline in the
2DEG density. Moreover, Ips reduces when Ery is decreased from
Ec - 0.3 eV to Ec - 0.5 eV [see Fig. 9(b)] due to the relative
downward movement of Er, with respect to the Fermi level ™?
(refer to Fig. 8). The magnitude of threshold voltage |V ry]| is also
found to decrease with increasing N74 and for deeper E74 values, as
noted from the simulated transfer characteristics (not shown). It is
observed that the electron and hole capture cross sections (0,4 and
0ya) of the buffer trap do not change the DC properties. Overall, the
simulation results reveal that electron trapping in the buffer layer
reduces the static Ips of the AlGaN/GaN HEMT.

C. Simulated DCT spectroscopy

Similar to the experimental observations, the simulated DCT
signal amplitude is not affected by the duration of the filling pulse
(t = 10 us to 100 ms). For better visualization of the DCT peak
variations while changing the buffer trap parameters (E7a, N74, and
ana), the DCT properties attained with # = 100 us (showing a distinct
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FIG. 9. Simulated /ps—Vps properties of the AlGaN/GaN HEMT by varying (a)
buffer trap concentration N73 = 8 x 10® to 1.5 x 107 cm=2 (with fixed E74 = E¢
-0.5¢eVand g,n = 3 x 1076 cm?) and (b) buffer trap energy E7q = Ec — 0.3 eV
to E¢ — 0.5 eV (fixed N7y = 107 cm=3 and g, = 3 x 1076 cm?).

Vos(V)

peak) are presented in this section. The measured DCT at #; = 100 us
reveals a single trap E1 at Ec - 0.5 eV (refer to Fig. 4). Hence, the Ips
transients are simulated by incorporating the buffer trap EI signa-
tures used in the DC simulations. Figures 10(a) and 10(b) depict the
simulated and experimental DCT spectra acquired with filling times
of 10 and 100 us for the AIGaN/GaN HEMT; the solid lines and
dots represent the simulated and experimental DCT, respectively.
The DCT response is simulated with the trap-filling biasing condi-
tion of pulsed Vps from 10 to 20 V and the subsequent detrapping
bias at Vps = 10 V and Ips = ~50 mA/mm. It is shown that the sim-
ulated DCT properties closely track the measured spectra for both
the filing times (# = 10 and 100 us) over the temperature range of
25-100 °C. Similar agreement is observed in the DCT acquired for
other filling times of 1 ms. Arrhenius analysis of the simulated DCT
also yields the same activation energy (~0.5 eV) and electron cap-
ture cross section (~3 x 107! cm™2), as considered in the simulation.
Furthermore, a good matching is attained between the simulated and
experimental DCT for different Vps pulsing conditions: (1) The ini-
tial Vps filling pulse is switched from 10 to 15 V, and the subsequent
detrapping transient is recorded at Vps = 10 V. (2) The initial Vps
filling pulse is raised from 5 to 20 V, and the detrapping transient is
acquired at Vps = 5 V. Therefore, the DCT simulations are validated
for the different trap-filling times and also for different Vps pulsing
conditions.

The DCT simulation investigations are extended for the follow-
ing cases: (1) specifying the buffer traps as donor-like states and (2)
excluding the buffer traps from the physical model. However, the
flat Ips transient response is obtained in both these cases, i.e., no
Ips transient recovery process (maximum Ips value reached) in the
DCT spectra due to the absence of electron trapping in the buffer. It
is reiterated that the TCAD model incorporating the acceptor-type
trap at Ec - 0.5 eV in the GaN buffer quantitatively reproduces the
measured DCT spectra. Therefore, the DCT simulation results con-
firm the existence of acceptor-type electron trap E1 at Ec - 0.5 eV
in the GaN bulffer layer. The deep-level traps in the Fe-doped buffer
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FIG. 10. Simulated DCT characteristics
at the two different filling times (£) of (a)

10 ps and (b) 100 ys for the AIGaN/GaN

HEMT (Fe-doped buffer) compared with
the measured spectra over the tem-

perature range of 25-100 °C with trap-
filling biasing condition of pulsed Vps
from 10 to 20 V and the subsequent

detrapping bias at Vps = 10 V and Ips
4 = ~50 mA/mm.

005 |(a) Simulated and measured DCT = 10.;'1-5‘).
£ 0.04 . : :
=] : . . Lines: Simulation 7]
= nereasig : Dots: Experiment
$ Temperature - EXp
- 0.03 25°C ]
NQ — 50 °C
0.02 —75°C i
— 100 °C
0.01
0.05
)
0.04
g
=
< o0 E, =056V
Ng o, =3x10" cm’
0.02 N, =1x10" em™ |
001 C 1 1 1 1 1 1]
10° 107 10" 10° 107 107! 10°
Time (s)

layer have been detected with the apparent energy between Ec - 0.4
and B¢ - 0.7 eV, 1012151522054 1 44 reportedz‘}’5 that the electri-
cally active traps at Ec - (0.5-0.7) eV can be physically present
in the buffer region even without Fe-doping and most likely origi-
nate from the intrinsic point defects of GaN, but their concentration
increases with the amount of Fe-doping in the buffer. Based on the
DCT simulation results and reported works in the literature, the
electron trap El is attributed to the intrinsic point defect of GaN
linked to the Fe-doping in the buffer. Several authors” '’ identified
the deep electron trap at Ec - 0.6 eV in the Fe-doped buffer layers.
Meneghini ef al.” demonstrated that the buffer trap at Ec - 0.6 eV
is responsible for the current collapse in the AIGaN/GaN HEMT.
Accordingly, another electron trap E2 at Ec - 0.6 eV is also ascribed
to the Fe-doping dependent intrinsic point defect.

Figure 11(a) shows the simulated DCT spectra by varying the
buffer trap energy (Er4) from Ec - 0.3 eV to Ec - 0.5 eV at 25°C,
where Npy = 107 em™ and 0,4 = 3 x 107! cm? are fixed in this
case. The corresponding DCT derivative spectra for different Er, are
plotted in Fig. 11(b). The DCT peak shifts toward longer time con-
stants (7,,) for the deeper trap energies, according to the emission
rate equation (6). At the beginning of the transient (fo4), a notable
drop in Ips is seen in Fig. 11(a) with decreasing E74 from Ec - 0.3 eV
to Ec - 0.5 eV. Afterward, the Ips transient recovery process starts,
as shown in Fig. 11(a), due to the electron detrapping mechanism.
After the transient recovery, Ips reaches the steady-state value at
the end of the transient (f-); some of the buffer traps (located near
the 2DEG) are still always occupied by electrons even under static
conditions,'””” as perceived from Fig. 8. For this reason, a consider-
able reduction in Ips (f-0) is noted for deeper E7y4, analogous to the
static I-V properties in Fig. 9(b). Hence, the energy position of the
buffer trap affects both 7, and static Ips.

The simulated DCT and the respective derivative spectra by
varying the electron capture cross section (0,4) of the buffer trap

at Ec - 0.5 eV (Ng4 = 107 cm™®) are depicted in Figs. 12(a) and
12(b). The DCT peak moves to lower 7, upon increasing o4 from
5x 1077 to 5 x 107° cm?. Equation (5) dictates that the electron
capture rate is directly proportional to the electron capture cross
section. As a result, Ips (fo+) decreases with increasing o4 at the
beginning of the transient, as shown in Fig. 12(a). Furthermore, vari-
ations in the DCT amplitude (AI) and OIps/dlogio(t) are found to
be larger for higher 0,4. Nevertheless, the same steady-state Ips (o0 )
is reached for all 0,4 values, and this observation is consistent with

[ (a) Simulated DCT at different £y, (T = 25 °C) [
= 005}
£ I
g
< 004F ——E.-03eV
A F
2 ——E.-04eV
> 0.03 ¢ 4
| ——E.-05eV
0.02 i
deeper energy
1 1 1 1 1 il
I TR ' ' Yoo
2 0.03 O =3x10"" cm ,NTA= 10" cm i
N’
—
N}
S 0.02 E
o0
=
S% 0.01 deeper energy |
NQ
Q
000 1 1 1 1 1 1
10 10* 107 10° 107 10" 10°
Time (s)

FIG. 11. (a) Simulated DCT spectra for the HEMT (T = 25 °C) by decreasing the
buffer trap energy Eza = Ec —0.3eVto Ec —0.5eV (Njz = 10" cm=® and 6,4 = 3
x 10~16 cm? are fixed). (b) The corresponding DCT derivative spectra at different
En.
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FIG. 12. (a) Simulated DCT characteristics by changing the electron capture cross
section (o = 5 x 10=7-5 x 10~ cm?) of the buffer trap at Ec — 0.5 eV (N4
=10"" em=3). (b) The respective DCT derivative spectra for various o4 values.

the fact that static I-V properties are not affected by 0,4. However,
the DCT characteristics remain unchanged by the hole capture cross
section (0pa) of the buffer trap.

The simulated DCT spectra for different concentrations (N74)
of the buffer trap at Ec - 0.5 eV (g4 = 3 x 1076 cm?) are plotted
in Fig. 13(a). No considerable change in 7, is noted for increasing
Nra. In fact, N4 reduces the overall static Ips value of the DCT
signal, as correlated with the DC characteristics in Fig. 9(a). By look-
ing at Fig. 13(a), it appears that the magnitude of the DCT signal
(AI) is not altered by Nrs. Moreover, a slight decline in ionized
trap density (N74 ™) is anticipated with the increase in temperature
because of the augmented emission rate.”> Conversely, nonlinear

(a) Simulateld DCT at diflferent Ny, (le 25°C)

— Ny = 8x10' cm

—Np,= 1x10" cm?

0.03 -

0.02,~

001 F I I | | !
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——Np, = 1.5x10" em™

I, (A/mm)
(=}
2

increasing Ny,
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FIG. 13. (a) Simulated DCT properties for increasing trap concentrations (N74 = 8
x 10" t0 1.5 x 10" cm~2) of the buffer trap at Ec — 0.5 €V (04 = 3 x 10~6 cm?).
(b) The corresponding derivative spectra at different N7,.
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OIps/0logio(t) variation has been observed with increasing temper-
ature from the measured DCT spectroscopy in Fig. 2(b), suggesting
that AT may not be linked with the trap concentration. It is visualized
that the buffer traps take nearly the same amount of time (iden-
tical detrapping times'”"’) to reach the steady-state Ips even after
modifying N74 from 8 x 10'° to 1.5 x 10"” cm ™. However, a small
increase in the DCT derivative signal OIps/0logio(t) is realized in
Fig. 13(b) with increasing N4, which is contrary to our hypothe-
sis on Al Therefore, further studies are underway to understand the
DCT signal amplitude dependency on the buffer trap concentration.
From the simulation results, it is concluded that the carrier emis-
sion time constant strongly depends on the energy level and electron
capture cross section of the buffer trap, i.e., emission time constant
increases (emission rate reduces) with decreasing electron capture
cross sections and for deeper trap energies. This observation is help-
ful in modeling a slow detrapping mechanism in the AIGaN/GaN
HEMT simulations. On the other hand, the emission time constant
does not change with the acceptor concentration.

V. CONCLUSION

The DCT characterization and TCAD simulation studies are
carried out to investigate electron trapping in the AlGaN/GaN
HEMT with Fe-doped buffer. Two deep-level traps E1 at Ec - 0.5 eV
and E2 at Ec - 0.6 eV are identified in the HEMT from the DCT
experiments. The DCT signal amplitude of E1 and E2 is not affected
by the duration of the trap-filling pulse, suggesting that traps El
and E2 are associated with the Fe-doping dependent point defects
of GaN. From the simulated DC properties, it is found that electron
trapping in the buffer reduces the static Ips value of the AlGaN/GaN
HEMT. The simulated DCT spectra are validated with the mea-
sured data in the temperature range of 25-100 °C. The DCT sim-
ulations confirm the presence of acceptor-type electron traps (E1
and E2) in the GaN buffer layer. Furthermore, the carrier emis-
sion time constant is found to increase (emission rate reduces)
with decreasing electron capture cross sections and for deeper trap
energies, while the same 7, is not controlled by the buffer trap
concentration.
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