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ABSTRACT

Multichannel high electron mobility transistor (MC-HEMT) heterostructures are one of the choices for improved power performance of GaN
HEMTs. By comparing the experimentally obtained two-dimensional electron gas (2DEG) concentration of unintentionally doped (UID)
AlGaN/GaN MC-HEMTs with simulated 2DEG concentration, we hypothesized that hole trap(s) exist at the buried GaN/AlGaN interfaces,
which act as sources of 2DEG in UID MC-HEMT heterostructures. Furthermore, these hole traps stop the Fermi level from cutting the valence
band at GaN/AlGaN interfaces, which in turn precludes the generation of parallel two-dimensional hole gas (2DHG) in the MC-HEMT.
However, no experimental report is present as a proof for the existence of such a hole trap in MC-HEMT heterostructures. In this study, a
capacitance-conductance method on single and dual channel HEMTs revealed traps with higher time constant of 19-28.7 us exclusively for the
dual channel HEMT heterostructure. These traps are observed at the buried GaN/AlGaN interface of the dual channel HEMT; hence, they are
attributed to possible hole traps at this interface. By conducting systematic deep level transient spectroscopy measurements, the existence of
hole traps is confirmed at the buried GaN/AlGaN interface with an activation energy of 717 meV and a capture cross section of 1.3 x 10~ '*
cm?. This experimental evidence of the existence of hole traps at the GaN channel/AlGaN interface further supports our claim that these hole
traps act as the source of 2DEG in UID MC-HEMTs and that buried parallel 2DHG channels do not exist in MC-HEMTs.
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The AlGaN/GaN based multichannel high electron mobility
transistor (MC-HEMT)' is one of the approaches that has the poten-
tial to achieve higher power operations compared to a single channel
conventional AlGaN/GaN HEMT.” Parallel conducting multi two-
dimensional electron gas (2DEG) channels in AlGaN/GaN
MC-HEMTs reduce the net effective sheet resistance leading to lower
on-resistance and improved power performance, while maintaining
the higher breakdown voltages and other important characteristics
of AlGaN/GaN HEMTs. Various groups have demonstrated a

modulation doped and unintentionally doped (UID) AlGaN/GaN
based MC-HEMT heterostructure using MOCVD growth tech-
nique."”"® Recently, our group also demonstrated UID AlGaN/GaN
MC-HEMT heterostructures using plasma-assisted molecular beam
epitaxy (PAMBE).”

In our work,” by comparing the experimentally obtained cumula-
tive 2DEG concentration with the Poisson-Schrodinger (PS) simu-
lated 2DEG concentration, we hypothesized that donor type hole trap
states exist at 0.6-0.8eV above the valence band of buried GaN
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channel/AlGaN interfaces, which not only act as sources of 2DEGs in
MC-HEMT: but also eliminate the possibility of hole gas formation at
the GaN/AlGaN interface. However, to validate this hypothesis, exper-
imental evidence of the hole trap at the buried GaN/AlGaN interface
of AIGaN/GaN MC-HEMT is necessary. Hole traps were detected at
the AlGaN/GaN interface of N-polar HEMT heterostructures® and at
the interface of Ga-polar InGaN/GaN heterostructures.” " Till date,
trap studies on Ga-polar III-nitride MC-HEMT heterostructures nei-
ther reveal any such hole trap nor identify its location in this hetero-
structure.'”"” In this study, through capacitance-conductance and
deep level transient spectroscopy (DLTS) studies, we demonstrate the
existence of hole traps at the buried GaN/AlGaN interface in the
AlGaN/GaN dual channel HEMT heterostructure. A dual channel
instead of multichannel reduces the complexity but still provides the
necessary epi-structure to probe the hole trap at the buried-GaN/
AlGaN interface. Such a proof further confirms our hypothesis of bur-
ied hole trap states at the GaN/AlGaN interface acting as sources of
2DEGs in MC-HEMTs and that buried parallel 2DHG channels do
not exist in MC-HEMTs.

For this study, two samples were grown using PAMBE growth
technique. Sample 1 is an UID AlGaN/GaN single channel HEMT
heterostructure, and sample 2 is an AlGaN/GaN dual channel HEMT
heterostructure, as shown in Figs. 1(a) and 1(b), respectively. For both
samples, the epistructure growth started with a 100nm thick AIN
nucleation layer, grown in extremely N-rich growth conditions
(III/V < 1) to avoid Si carry over from the SiC substrate to the GaN
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FIG. 1. Schematic cross section of heterostructure of samples 1 (a) and 2 (b).
Capacitance-voltage (C-V) and conductance-voltage (G-V) measurements at
1 MHz of samples 1 (c) and 2 (d).
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buffer."* The GaN buffer layer growth was performed in slightly metal
rich growth condition (III/V > 1) with sequential growth interruptions
to evaporate the accumulated Ga on the surface.'”'® Subsequently, for
both samples, GaN cap and AlGaN barrier layers were grown in metal
rich growth conditions. Figures 1(c) and 1(d) show the experimentally
obtained capacitance-voltage (C-V) and conductance-voltage (G-V)
characteristics at 1 MHz, on samples 1 and 2, respectively. C-V and
G-V measurements were performed on a circular Ni (40)/Au
(250 nm) Schottky diode of 300 um diameter with surrounded Ohmic
contact of Ti (20 nm)/Al (120 nm)/Ni (40 nm)/Au (250 nm).

The trap state properties are analyzed using the capacitance—con-
ductance method, similar to the well-established technique of
Nicollian and Goetzberger,'” where parallel trap conductance as a
function of frequency is studied at various applied bias. The equivalent
circuit of a single channel HEMT heterostructure is shown in the inset
of Fig. 1(c). The barrier capacitance C,; of the HEMT is equivalent to
the insulator capacitance in the Si-SiO, structure of Ref. 17. Similarly,
the series of trap capacitance (Cy;) and trap conductance (G;) can be
shown to be in parallel with channel capacitance (C,;). Here, C; and
Gy represent the equivalent trap capacitance and conductance of sev-
eral traps present at the first AlIGaN/GaN interface. This parallel circuit
further can be simplified as an equivalent parallel circuit of C;, and G,
as presented in inset of Fig. 1(c). Hence, as suggested in Ref. 17, C,
and G, can be expressed as

D:
Cp=Cp +— (1)
OTintan(wtiy )
G D;
il = u In {1 + (writl)z] , (2)
w 20T

where @ = 27f is the radial frequency, Cy,; is the barrier capacitance,
i1 is the interface trap time constant, and Dy, is the density of trap
states. However, in general, C-V and G-V measurements from the
fabricated diodes were obtained by assuming parallel capacitance
(C)-conductance (G,,) setup in the capacitance measurement tool.
Here, C,, and G, are the measured capacitance and parallel conduc-
tance, respectively. Measurements were performed with frequencies
varying from 1 kHz to 2 MHZ The measured conductance (G,,) needs
to be converted back to —” to use Eq. (2) for the extraction of trap time
constant. Conversion of G to ~* resulted as

G, G Chy

£ = . 3
o G+ w*(Cp — Cm)2 3)

In HEMT heterostructures, by varying the applied bias, trap
properties at various interfaces can be extracted.'” *” This spatial anal-
ysis of trap information is important to understand the exact position
of the traps in the heterostructure. Figures 2(a) and 2(b) show the car-
rier concentration estimated from C-V measurements and the applied
bias as a function of the heterostructure thickness of samples 1 and 2,
respectively. To probe the trap properties at the AlGaN/GaN interface
and the GaN channel layer in sample 1, it is necessary to deplete the
2DEG and keep the applied bias within —5.5 to < —7V as shown in
Figs. 1(c) and 2(a). Within this applied bias, depth profile remained in
GaN buffer, and the modulation of Fermi level reveals the correspond-
ing trap states, whose capacitance and conductance series comes in
parallel with GaN channel capacitance. The scattered points in Fig.
2(c) showed the " as a function of @ obtained using Eq. (3) for sample
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FIG. 2. Carrier concentration and the applied bias as a function of the heterostruc-
ture thickness of samples 1 (a) and 2 (b). The obtained and fitted % as a function
of w for samples 1 (c) and 2 (d).

1. The scattered points are fitted using Eq. (2), shown as line plots, and
the obtained trap time constant (t) and trap density (D7) are listed in
Table 1. Based on the time constants obtained, the traps were broadly
categorized into two types, namely, trap 1 and trap 2 with time con-
stants of 0.97-1.87 and 3.8-6.3 us, respectively. As shown in Fig. 2(c),
trap 1 was observed at lower applied bias of —5.6 to —5.8 V, whereas
trap 2 was observed at higher applied bias of —6 to —7 V.

The equivalent circuit of a dual channel HEMT heterostructure is
shown in the inset of Fig. 1(d). In this case, the trap capacitance (Cy;)
and conductance (Gy;) at the AlIGaN/GaN channel interface connects
in parallel with the equivalent trap capacitance (Cy,) and trap conduc-
tance (Gy,) of several traps at the GaN channel/AlGaN (2nd barrier)
interface. This combination connects in parallel with GaN channel
capacitance (Cg,;). Similar to sample 1, to probe the trap properties of
sample 2 at the AIGaN/GaN channel interface, in the GaN channel,
and at the GaN channel/AlGaN barrier interface, it is necessary
to deplete the top 2DEG and keep the applied bias within —4 to
< —10V as shown in Figs. 1(d) and 1(b). As shown in Fig. 2(d), the
plots of % as a function of ® revealed two types of traps within the
applied bias range, and the corresponding extracted trap time constant
and trap density are listed in Table I. With the applied bias of
<—4.2V, traps similar to trap 2 in sample 1 were revealed. With the

TABLE I. Time constant () and trap density (D7) of traps 1, 2, and 3 of samples 1 and 2.
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increased applied bias of —4.6 to —6.0V, a newer trap, trap 3, with
higher time constant of 19-28.7 us was revealed. However, with further
increase in the applied bias of —8 to —10V, trap similar to the trap 2 in
sample 1 was revealed. When the applied bias is beyond —14 'V, the sec-
ond 2DEG depletes, which allows the probing of GaN buffer. As shown
in Fig. 2(d), trap similar to the trap 1 in sample 1 was revealed when the
applied bias was —14 to —18 V. Here, the traps 2 and 1 are similar to the
traps observed at AlGaN/GaN interface or in the GaN buffer of sample 1.
However, considering the applied bias of —4.6 to —6.0 V as shown in Fig.
2(b), the newer trap, the trap 3, must have been originated from the GaN
channel/AlGaN interface, as such a high time constant was also not
observed in sample 1. If so, the newer trap could possibly be the hypothe-
sized hole trap originated at GaN/AlGaN interface. When the applied bias
is lower or higher than the range of —4.6 to —6.0'V, trap 3 signature dis-
appears and trap 2 always prevails, possibly from the first GaN channel or
AlGaN/GaN channel interface. This also suggests that the proposed hole
trap state may not possibly be extended over a longer range within the
bandgap at the GaN channel/AlGaN interface.

The capacitance-conductance studies possibly gave an indication
of the presence of hole trap at GaN channel/AlGaN interface and
indicated the applied bias required to probe them. Though hole trap
states prevail in certain bias range, the measured conductance is
always a parallel combination of conductance due to electron traps
observed at the AlGaN/GaN channel and hole traps at GaN channel/
AlGaN interfaces as shown in the equivalent circuit in Fig. 1(d).
Hence, to decouple the hole and electron traps at these interfaces and
extract their activation energies, DLTS measurements were performed
on the Schottky barrier diode of sample 2. DLTS measurements were
conducted using Semilab DLS-83D measurement tool with lock-in
function and signal-integration. To reveal and understand the hole
trap state and position, three experiments were performed with three
applied reverse bias conditions and probing pulses. To obtain the acti-
vation energy and capture cross section for different trap states, the
lock-in amplifier frequency was varied for each experimental bias con-
dition in DLTS measurement. Self-consistent Poisson-Schrodinger
simulation software, Bandeng,21 was used to determine the band
structure and charge distribution in sample 2 for analyzing the band
structure configuration of each DLTS experimental condition.

The first set of DLTS experiments were performed using an
applied reverse bias of —4.5V and a probing pulse of —0.5V. Figure
3(a) shows the energy band diagram of the GaN cap/AlGaN/GaN/
AlGaN interfaces of sample 2 at the applied reverse and probing
biases. Figure 3(b) shows corresponding DLTS signal obtained at a
lock-in frequency of 1720 Hz. As shown in the figure, two electron
traps, namely E2 and E4, were identified. The corresponding trap state
activation energy and capture cross section are listed in Table II. As
shown in Fig. 3(a), with the applied reverse bias of —4.5V, the top
2DEG gets partially depleted and gets filled back with the probing
pulse. Moreover, as show in Fig. 3(a), these biases do not also

Sample 7, (107%s) D, (x 10" cm™%/eV) 7, (107%s) D1, (x 10'% cm™%/eV) 73 (107%s) Dr; (x 10" cm ?/eV)
1 0.97-1.87 3.6-2.9 3.8-6.3 2.55-6.22 s cee
2 1.1-1.93 0.64-0.76 3.0-5.6 3.22-3.44 19-28.7 3.38-3.94
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FIG. 3. Energy band diagrams of the GaN cap/AlGaN/GaN/AlGaN interfaces of
sample 2 at an applied reverse and probing biases of —4.5 and —0.5V, respec-
tively, (a). DLTS signal obtained at lock-in frequency of 1720 Hz for sample 2 (b).

modulate hole trap, H1, at the GaN/AIGaN interface. Hence, traps
observed with these experimental conditions could have been origi-
nated anywhere from the GaN cap, AlGaN barrier, or AlGaN/GaN
interface. No hole trap observation with this applied reverse bias is
consistent with the conductance measurements.

In the conductance measurements, trap 3 (possibly the hole trap)
was observed for an applied bias range of —4.6 to —6V. Hence, the
second set of DLTS experiments was conducted using an applied
reverse bias of —6V and a probing pulse of —1.0 V. As shown in Fig.
2(b), an applied bias of —6V allows probing of traps at negatively
polarized GaN/AlGaN interface. Figures 4(a) and 4(b) show the corre-
sponding energy band diagrams and DLTS signal, respectively.
Comparison of the energy band diagram of Fig. 4(a) with Fig. 3(a) also
suggests that in addition to the electron traps revealed from GaN cap
or AlGaN barrier or AlGaN/GaN interface (revealed in the first set of
DLTS), hole traps at GaN/AlGaN interface must be revealed from
GaN/AlGaN interface under this probing condition. As shown in Fig.
4(b), along with the electron traps, which could possibly be E2 and E4,
a hole trap, H1, with a strong positive signal is observed. As listed in
Table 11, the hole trap showed an activation energy of 717 meV with a
capture cross section of 1.3 x 10~ "* cm™ It should be noted that the
observation of hole trap in DLTS measurements matches with the

TABLE II. Activation energy and capture cross section of various traps, obtained
using DLTS.
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a

FIG. 4. Energy band diagrams of the GaN cap/AlGaN/GaN/AlGaN interfaces of
sample 2 at an applied reverse and probing biases of —6 and —1V, respectively,
(a). DLTS signal obtained at lock-in frequency of 1432 Hz for sample 2 (b).

observation of higher time constant trap, trap 3, at the applied biases
of —4.6 to —6V in conductance experiments.

The third set of DLTS experiments was performed using an
applied reverse bias of —8 V and a probing pulse of —5.0 V. As shown
in Fig. 2(b), an applied bias of —8 V still allows probing of traps at the
GaN/AlGaN interface. Figures 5(a) and 5(b) show the corresponding
energy band diagram at each bias and DLTS signal, respectively. As
shown in Fig. 5(a), if the hole traps spread over a longer range above
the valence band at the GaN/AlGaN interface, the combination of
applied and probing biases of —8 and —5 V could modulate those hole
traps and reveal them. As shown in Fig. 5(b), the electron traps,
namely, E1, E3, and E5, were only observed. Table I lists the trap acti-
vation energy of these traps along with their capture cross sections.
Some of the electron traps observed can be correlated with traps
reported for GaN bulk or epitaxial layers in SH- and DH-HEMT

Applied reverse bias (V)/

probing pulse (V) Eact (meV) o (cm?) Traps
—4.5/—0.5 —243 25x10718 E2
—461 34x1071° E4
—6.0/—1.0 717 1.3x 10 H1
—8.0/—5.0 -92 6.4 x 107! El
—395 7.1x107'8 E3
—525 26x107Y E5
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FIG. 5. Energy band diagrams of the GaN cap/AlGaN/GaN/AlGaN interfaces of
sample 2 at an applied reverse and probing biases of —8 and —5V, respectively,
(a). DLTS signal measured at the lock-in frequency of 1472 Hz for sample 2 (b).
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heterostructures. > >* However, the focus of this work is to study

hole trap at the GaN/AlGaN interface. The absence of positive signal
in DLTS confirms that hole traps are not extending over longer range
within the bandgap at the GaN channel/AlGaN interface, which is
again consistent with the conductance experiments. From the energy
band diagram in Fig. 5(a), it can be deduced that all the electron trap
states should originate from the AlIGaN/GaN interface and the GaN
channel layer. In the literature, reports suggested that hole traps could
also be originated from the AlGaN barrier.”>***° However, as shown
in Figs. 3(a) and 5(a), the DLTS experiments 1 and 3 completely
probed the top AlGaN barrier and no hole traps were detected from
the AlGaN barrier layer or top AlGaN/GaN interface.

In summary, using capacitance-conductance and DLTS mea-
surements, a hole trap state at 717meV above valence band is
observed at the buried GaN/AlGaN interface in the dual channel
HEMT heterostructure. This experimental evidence of hole trap at the
GaN/AlGaN interface confirms our hypothesis’ of the existence of
such trap state, which acts as the origin of 2DEG in MC-HEMT heter-
ostructures, and the buried paralle] 2DHG channel at negatively polar-
ized GaN/AlGaN interface does not exist in these structures.
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