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In this work, physical mechanisms underlying carbon-doped buffer combined with an AlIGaN back-barrier layer is
investigated in state-of-the-art millimeter-wave AIN/GaN transistors. We have fabricated devices with and without the
insertion of a thin AlGaN back-barrier layer with reduced carbon concentration to analyze the improvement resulting
from this buffer architecture. More specifically, the impact of the Al mole fraction into the back-barrier, carbon doping
in the buffer, and channel thickness on 100 nm gate length device performance have been studied. It appears that a 150
nm undoped GaN channel followed by a highly carbon-doped GaN buffer results in good electron confinement at the
expense of a high current collapse. On the other hand, an Al mole fraction of 25% in the AlGaN back barrier layer
coupled with a 150 nm undoped GaN channel provides excellent electron confinement, resulting not only in a low DIBL
under high electric field but also low current collapse. Calibrated on experimental devices, TCAD simulations reveal
that the electric field penetration inside the GaN buffer is prevented owing to a strong polarization from the back barrier
when the Al-content is high enough. That is why, the electron confinement is superior for the 25% Al mole fraction
in the back barrier along with reduced current collapse. As a result, careful engineering of the carbon concentration
together with the undoped GaN channel thickness is crucial to achieve robust devices, which can thus deliver high

device performance with superior voltage operation while using short gate lengths.

In the last two decades, many reports have shown the ca-
pability of Gallium Nitride (GaN) based high electron mo-
bility transistors (HEMTs) to be used for high-frequency
power applications' . In addition, it has been shown that
replacing the AlGaN barrier layer with a sub-10 nm AIN
barrier can be a potential candidate for millimeter-wave ap-
plications due to the availability of higher carrier concen-
tration in the 2-dimensional electron gas (2-DEG) while
employing ultra-thin barriers’. Hence, AIN/GaN HEMTs
with short gate lengths demonstrated state-of-the-art high-
frequency power performance” ~’. However, these applica-
tions demand highly robust GaN devices under high bias (e.g.
high electric field) while the gate length is shrunk. This, in
turn, leads generally to poor electron confinement and high
electron trapping due to the large peak electric field. Thus,
highly scaled GaN transistors suffer from various secondary
effects such as drain-induced barrier lowering (DIBL), cur-
rent collapse (CC), and self-heating when operated under high
drain voltages'. Hence, it is necessary to engineer the epi-
taxial structure and materials to obtain the best performance
from the device >~ ~". To address this issue, many new struc-
tures have been proposed such as carbon-doped (C-doped)
GaN buffer~»*", graded channel HEMTs™"">"", AlGaN back
barrier ", and N-polar HEMTs"-°. However, each of these
designs comes with its own advantages and drawbacks™ """,
The most critical issue in all these structures is the limited
voltage operation of the short GaN transistors. In this work,
we address this issue and show that using a thin AlGaN back
barrier layer combined with a C-doped GaN buffer can over-
come most of the drawbacks and can be an attractive choice

for high-frequency applications with increased voltage opera-
tion. We have used TCAD to understand the underlying phys-
ical mechanisms improving the device’s performance.

In this letter, AIN/GaN HEMTs are fabricated on three dif-
ferent buffer configurations grown on top of a 100 nm AIN
nucleation layer using the metal-organic chemical vapor de-
position (MOCVD) technique on 4-inch SiC substrates. All
three structures have a 150 nm undoped GaN channel with
a 3 nm AIN barrier. The device fabrication details are given
in""" and the cross-sections are shown in Fig. 1(a), (b), and
(c). Device D-1 has a C-doped GaN buffer with a doping con-
centration of 2x10' cm™ while devices D-2 and D-3 have
a 100 nm thick AlGaN back barrier layer (BB) with an Al
mole fraction of 10% and 25%, respectively followed by a C-
doped GaN buffer of 5x10'8 cm=3. The AlGaN back bar-
rier has been kept intentionally thin in order to prevent ther-
mal dissipation degradation, especially when using high Al-
content’’.The structures are passivated with a 6 nm in situ
SiN layer. The gate is defined using e-beam lithography with
a length of 100 nm, gate-drain and gate-source distances of
500 nm, and a gate width of 50 pm.

Fig. 1(d), (e), and (f) show the DC characteristic compar-
ison of the three devices. We have used Silvaco Atlas’' to
calibrate these devices in the TCAD framework. We have
used the inbuilt polarization model to account for the polariza-
tion charges at the interfaces. The drift-diffusion equations are
solved numerically using the physical models such as doping
and high field dependent mobility models’~, thermionic emis-
sion, Shockley—Read—Hall (SRH) recombination, and Fermi
statistics. As can be seen in Fig. | a satisfactory device cal-
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TABLE I. TCAD simulated performance metrics with 25% AlGaN back-barrier with varying GaN channel thickness, and GaN buffer carbon

concentration.

Buffer C concentration (cm3) 5x10'8
GaN channel thickness (nm) 150
DIBL (mV/V) 30
Current Collapse (%) 11.8
Breakdown Voltage (V) 56

2x10" 5x10'8 2x10"
150 100 100
28 27 25
14 185 19.1
60 103 120

TABLE II. TCAD simulated performance metrics without 25% Al-
GaN back-barrier by varying GaN channel thickness.

Buffer C concentration (cm™3) 2x10% 2x10"
GaN channel thickness (nm) 150 100
DIBL (mV/V) 30 20
Current Collapse (%) 22 40
Breakdown Voltage (V) 58 120

ibration is obtained both in ON-state and OFF-state. Fig. 2
shows the experimental and TCAD results of the transfer char-
acteristics at different drain voltages (Vps) with compliance
set at 150 mA/mm. We can see a shift in the threshold voltage
as Vpg increases, reflecting the DIBL. As seen from Fig. 2(a),
(b), and (c) the DIBL is quite large in device D-2, while D-1
and D-3 show an excellent DIBL well below 100 mV/V. To
understand this more in-depth, we have simulated the punch-
through leakage current under OFF-state with a gate-source
voltage (Vgs) at -6 V while the Vpg is fixed at 20 V as shown
in Fig. 2(d), (e), and (f). We observe a significant amount
of current flowing through D-2 even under pinch-off condi-
tions as shown in Fig. 2(e). In this case, the back polarization
related to the 10% Al content BB is not sufficient to ensure
proper electron confinement under such a high electric field,
which yields high DIBL. However, in the case of D-1 and D-
3, the punch-through leakage current is negligible as shown
in Fig. 2(d) and (f). Hence, using a C-doped GaN bufter
of 2x10' cm™ or 25% Al content AlGaN back barrier 150
nm away from the 2-DEG is suitable to provide proper elec-
tron confinement under a high electric field. C-doped GaN
acts as a p-type causing a field opposite to the applied drain
field>". Thus, in the case of D-1, the C-doped GaN layer
can prevent field penetration towards the source side, result-
ing in low DIBL. In the case of D-3, the 25% AlGaN back
barrier generates an internal electric field due to the polariza-
tion nature of these materials. This internal electric field is
in the opposite direction to the applied drain field and conse-
quently prevents the electric field from the drain to affect the
source side, resulting also in low DIBL. However, DIBL is not
the only factor to be optimized for high-frequency operation.
Minimum trapping effects need to be ensured and high break-
down voltages to achieve a high operating voltage device at
high frequency.

To assess the trapping effects, pulsed DC characterizations
using various quiescent bias points have been carried out. Fig.
3(a) and (b) show the pulsed open channel output drain cur-
rent characteristics of D-1 and D-3, respectively under cold,

gate-lag (Vgs =-6 V, Vps =0 V) and drain-lag (Vgs =-6 V,
Vps =20 V) conditions. A significant current collapse is ob-
served in D-1, which is substantially lower in the case of D-3
though in both devices the undoped channel is 150 nm thick.
This suggests that the electron trapping is due to the C-doped
GaN buffer, which has not only a much higher carbon con-
centration in D-1 than in D-3 but also is closer to the 2DEG.
Furthermore, Table I shows simulations performed on a de-
vice similar to the epitaxial structure of D-3 but with various
carbon concentrations in GaN buffer. Current collapse, DIBL,
and breakdown are thus compared with respect to the differ-
ent channel thickness / C-doping combinations. It is observed
that for an undoped channel thickness of 150 nm, increasing
the carbon concentration in the GaN buffer plays no signifi-
cant role. This implies that the field generated due to the back
polarization is sufficient enough to oppose the field due to ap-
plied bias, preventing the capture of electrons from the 2-DEG
by the deep carbon acceptor traps. Moreover, as we know the
current collapse is due to the negative potential developed un-
der pulsing conditions ", Fig. 3 (c) and (d) show the potential
profile within the devices D-1 and D-3. It is clearly visible
that the magnitude of the negative potential developed in the
case of D-1 in the GaN buffer is much larger than D-3.

Fig. 3(e) and (f) show the vector electric field distribution
of D-1 and D-3 in OFF-state (Vgs = -6 V) with Vpg =20 V.
We can clearly see that the electric field under bias within the
GaN buffer is affected, which is reflected by the bent vector
lines within the GaN buffer. This indicates that the electric
field can penetrate inside the GaN buffer thereby resulting in
hot electrons generated under operational conditions that can
be trapped. That is why, a C-doped GaN buffer can provide
proper field confinement resulting in low DIBL, but high cur-
rent collapse. However, in the case of D-3, the field lines are
all directed upwards due to the presence of the in-built polar-
ization of 25% AlGaN back-barrier. The back barrier confines
the electric field and thus prevents its penetration inside the
GaN buffer. This results in a reduced current collapse in the
case of D-3 up to an extended level of energy as compared
to more standard short GaN transistors. Therefore, a thin Al-
GaN (25% Al) can provide proper electron confinement while
preventing the electric field penetration inside the GaN buffer,
resulting in both low DIBL and reduced current collapse.

Fig. 4 shows experimental results of continuous-wave
(CW) and pulsed large-signal measurements at 40 GHz and
Vps =20 V performed on D-1 and D-2 devices using a non-
linear vector network analyzer. Details of the power bench
used for these measurements can be found here™”. An out-
standing power-added efficiency (PAE) is achieved in both
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devices along with a high output power density (Pout). In
addition, the gain of both devices is quite similar for a high
range of injected power (Pj,;). However, Fig. 4(a) shows
a large change between CW and pulsed power performance
metrics of D-1 unlike D-3 transistors (see Fig. 4(b)) deliv-
ering much closer CW / pulsed power performance. This is
clearly due to high trapping effects in D-1, which are signif-
icantly lower in D-3. This translates the benefit of achiev-
ing enhanced electron confinement enabling high-voltage op-
eration together with low trapping effects to achieve superior
millimeter-wave large signal characteristics.

Another aspect of high-voltage and high-frequency devices
is the breakdown voltage (BV). The measured OFF-state
breakdown voltage (drain voltage corresponding to drain
current = lmA/mm) of D-1 and D-3 is 56 V and 60 V
respectively as shown in Fig. 4(c). To make the devices more
robust, we need to ensure higher BV, which is generally at

the expense of trapping effects. Hence, an optimum channel
thickness is required to overcome this trade-off. TCAD
simulations with reduced channel thickness down to 100
nm and repeating the variation of carbon concentration in
the buffer are shown in Table I. As previously described,
significant BV improvement of the devices with a reduction
in channel thickness is observed. Additionally, a reasonable
current collapse penalty is revealed with an increase of only
6%. However, the channel thickness reduction to 100 nm on a
device without an AlGaN back-barrier (similar to D-1) results
in a current collapse drastically increased to nearly 40% with
a BV close to 120 V as shown in Table II. This BV can be
achieved using a 100 nm undoped GaN channel followed
by a 25% AlGaN back-barrier with C-doped GaN buffer
with a carbon concentration of 2x10'® cm~3. Fig. 5 shows
a benchmark of the results with the proposed structure in
comparison to other structures in the millimeter-wave range.
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The performances from the proposed structure are favorably
comparable to state-of-the-art GaN HEMTSs. In particular, a
PAE > 65% combined with a Poyr > 3 W can be achieved.

We demonstrate that a 25% C-doped thin AlGaN back
barrier can be an attractive choice to achieve both high
electron confinement and reduced trapping effects in short
GaN HEMTs. TCAD simulations have shown that the back
barrier helps prevent punch-through leakage current and field
penetration through the buffer layers. The Al-content into the
back-barrier needs to be sufficiently high to generate a proper
back polarization that prevents electric field penetration under
high bias while reducing the current collapse. The breakdown
voltage of the devices can be enhanced by reducing the un-
doped channel thickness. However, in the case of the absence
of a back-barrier, although proper electron confinement can
be also achieved, a high current collapse is observed, which
is not suitable for power applications. Therefore, we can infer
that this device design approach including a 25% thin AlIGaN
back-barrier can be an optimum choice for high voltage
mm-wave applications.
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