7))
G
()
ajd
i
()
—d
(7))
.2
7))
>
L
al
O
.9
o
Q
<

Temperature characteristics of high-current
UWBG enhancement and depletion mode
AlGaN-channel MOSHFETs

Cite as: Appl. Phys. Lett. 117, 232105 (2020); https://doi.org/10.1063/5.0031462
Submitted: 30 September 2020 « Accepted: 27 November 2020 - Published Online: 08 December 2020

(1) shahab Mollah, ) Mikhail Gaevski, \*) Kamal Hussain, et al.

COLLECTIONS

Paper published as part of the special topic on Ultrawide Bandgap Semiconductors

3 & ®

View Unline Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

On impact ionization and avalanche in gallium nitride
Applied Physics Letters 117, 252107 (2020); https://doi.org/10.1063/5.0031504

Highly stable threshold voltage in GaN nanowire FETs: The advantages of p-GaN channel/
Al>O3z gate insulator

Applied Physics Letters 117, 203501 (2020); https://doi.org/10.1063/5.0027922

Electrical properties of (11-22) Si:AlGaN layers at high Al contents grown by metal-organic
vapor phase epitaxy
Applied Physics Letters 117, 221101 (2020); https://doi.org/10.1063/5.0031468

i QBLOX Shorten Setup Time
Auto-Calibration
More Qubits

Fully-integrated
Quantum Control Stacks
1 qubit Ultrastable DC to 18.5 GHz 100s qubits

Synchronized <<1 ns
Ultralow noise visit our website >
Appl. Phys. Lett. 117, 232105 (2020); https://doi.org/10.1063/5.0031462 17, 232105

© 2020 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1691476&setID=378288&channelID=0&CID=617080&banID=520579169&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=f1f4e980f6fdb758ad150527206ab82c09d61755&location=
https://doi.org/10.1063/5.0031462
https://doi.org/10.1063/5.0031462
https://orcid.org/0000-0002-2848-2959
https://aip.scitation.org/author/Mollah%2C+Shahab
https://orcid.org/0000-0003-1172-0516
https://aip.scitation.org/author/Gaevski%2C+Mikhail
https://orcid.org/0000-0001-7344-345X
https://aip.scitation.org/author/Hussain%2C+Kamal
/topic/special-collections/ubs2021?SeriesKey=apl
https://doi.org/10.1063/5.0031462
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0031462
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0031462&domain=aip.scitation.org&date_stamp=2020-12-08
https://aip.scitation.org/doi/10.1063/5.0031504
https://doi.org/10.1063/5.0031504
https://aip.scitation.org/doi/10.1063/5.0027922
https://aip.scitation.org/doi/10.1063/5.0027922
https://doi.org/10.1063/5.0027922
https://aip.scitation.org/doi/10.1063/5.0031468
https://aip.scitation.org/doi/10.1063/5.0031468
https://doi.org/10.1063/5.0031468

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Temperature characteristics of high-current UWBG
enhancement and depletion mode AlGaN-channel
MOSHFETSs

Cite as: Appl. Phys. Lett. 117, 232105 (2020); doi: 10.1063/5.0031462
Submitted: 30 September 2020 - Accepted: 27 November 2020 -
Published Online: 8 December 2020

@

Export Citation

®

View Online CrossMark

Shahab Mollah,? () Mikhail Gaevski,
Grigory Simin, and Asif Khan?

) Kamal Hussain, (i2) Abdullah Mamun, (i») MVS Chandrashekhar,

AFFILIATIONS
Department of Electrical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

Note: This paper is part of the Special Topic on Ultrawide Bandgap Semiconductors.
2 Authors to whom correspondence should be addressed: mmollah@email sc.edu and asif@engrsc.edu

ABSTRACT

We present the temperature-dependent electrical characteristics of high-current depletion (D-mode) and barrier-recessed enhancement-
mode (E-mode) ultrawide bandgap (UWBG) Al;Ga; N channel insulated gate heterojunction field-effect transistors fabricated on the same
wafer. The key motivation is the higher Baliga figure of merit for devices with the UWBG AlGaN channel and their strong potential for use
in high-power, high-temperature harsh environmental applications. Over a temperature range of 125°C, the Vry shifted in the opposite
direction for D- and E-mode devices with a rate of +13.5mV/K and —23 mV/K, respectively, giving an overall shift of +1.7V and —2.9V.
This was attributed to changes in the fixed and trapped charge densities in the dielectric and at the dielectric—-AlGaN barrier interface. A sin-
gle deep sub-bandgap trap level was sufficient to explain the threshold shifts in both devices. The effective channel mobility in the E-mode
devices was argued to be limited by charge scattering, arising from the same charges introduced during barrier recessing that shifted Vry;.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031462

Ultrawide bandgap (UWBG) Al,Ga; N (x> 0.4) channel heter-
ostructure field effect transistors (HFETs) have drawn significant atten-
tion in recent years due to their very strong potential for use in high-
temperature, high-voltage, and high-power applications. The higher
breakdown field of AlGaN channel HFETs leads to a higher Baliga
Figure of Merit (BFOM)."” Devices with channel alloy compositions of
40% or higher have been reported by several groups including ours.””
Until recently, most reported AlGaN channel devices had drain cur-
rents well below 1 A/mm, ie., much lower than the typical values for
GaN channel HFETs.” "' Recently, our group achieved high peak cur-
rent depletion mode (D-mode) and enhancement mode (E-mode)
UWBG AlGaN channel insulated gate HFETs (MOSHFETSs). The D-
mode MOSHFET peak current of 1.3 A/mm opens the possibility of
several practical applications.'” The superior device performance of the
D-mode and E-mode devices was a result of incorporating several fea-
tures: a thin channel epilayer structure with an Al,Ga, N back barrier,
a perforated gate device design, and an Atomic Layer Deposited (ALD)
Al O3-ZrO, composite dielectric gate insulator. Despite their critical
importance for power electronics applications, to date, there is very lit-
tle work on UWBG AlGaN channel E-mode devices. This is very

different from GaN channel HFET technology where E-mode devices
are now commercially available. Recently, using fluorine treatment,
Klein et al. reported the E-mode UWBG Al;Gag3N channel HFET
with Vg = +0.5 V (at Ipg = 0.1 mA/mm) with a peak current of only
35 mA/mm (at Vg = +10 V).

Our group recently reported high-current E-mode UWBG AlGaN
channel MOSHFETs'* using the same epilayer structure that was the
basis for the high current D-mode MOSHFETSs of Ref. 12. Using a
recessed-gate design, we demonstrated the E-mode ALO;-ZrO,/
Alp6Gag 4N/Aly 4Gag N MOSHFET with drain current as high as 0.48 A/
mm at a gate-source voltage of +12 V. Using the Ipg = 10 A/mm crite-
rion used by Asubar et al,”” our device has a threshold voltage Vi
= +14 V and a linearly extrapolated threshold voltage of 4-3.6 V. Both
D- and E-mode MOSHFETs can be fabricated on the same wafer with
the same major processing steps except masking D-mode devices during
gate recess etching. More details can be found in Ref. 14. In this work, we
present the studies of performance characteristics of these high current D-
mode and E-mode devices at elevated temperatures up to 150 °C. Such
studies are critically important for devices intended for high-power, high-
temperature, and harsh environmental condition operation.
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The D- and E-mode MOSHFET design is shown in Fig. 1. We
have incorporated a graded composition (Al,Ga; N, x from 1 to 0.4)
back barrier, which is grown directly on the 3 um thick AIN template
on sapphire. The back-barrier design enables a reduction in leakage
currents by screening the substrate-epilayer growth interface. It also
leads to a tighter confinement of the 2-DEG, which improves the ON-
OFF ratios, drain-currents, and the sub-threshold swing factor.'*™"*
The second barrier on the gate side of the epilayer structure is itself a
multilayer structure. It consisted of a 3 A thick AIN spacer layer, a
150 A thick Si-doped n-AlyGag 4N barrier layer, followed by a 20 nm
thick reverse composition graded Si-doped Al;Ga; N (x from 0.6 to
0.3) layer. The reverse composition graded layer assists with the forma-
tion of low resistivity Ohmic contacts. The #n-doping of this layer com-
pensates the positive charges resulting from the reverse composition
grading."” The epilayer growth was carried out using low pressure met-
alorganic chemical vapor deposition (LP-MOCVD), and the details of
the growth procedure were the same as described elsewhere.”

For this study, both D-mode and E-mode MOSHFET devices
were fabricated as shown in Fig. 1. For either device type, first using
Inductively Coupled Plasma Reactive Ion Etching (ICPRIE), isolated
mesas were fabricated. The Ohmic metal stacks Zr/Al/Mo/Au (150/
1000/400/300 A) for the two were also identical and were deposited by
E-beam evaporation and annealed for 30 s at 950 °C under N, ambient
using rapid thermal annealing (RTA). The device design also incorpo-
rated a perforated channel (PC) layout to reduce access resistances
(see the supplementary material for more details). This approach is
like that reported by Simin et al. for GaN channel HFETs.'”*' Because
of the perforations, the device channel consists of relatively narrow
(Ws =~ 3.75 um) 2-DEG conducting sections (“straits”) separated by
current blocking islands (Wy ~ 8.25 um), which were formed using a
BCl; RIE process after the formation of the source-drain Ohmic con-
tacts. The effective channel width of a perforated device is 15.6 um for
a regular (unperforated) 50 um width device. This geometry

Source ALO3-ZrO,
| 25 nm

scitation.org/journal/apl

corresponds to an optimal island/gap ratio of 2-2.5 as was determined
following the procedure outlined in Ref. 21. Next, only for the E-mode
devices, the gate recessing was carried out using a BCl; etching pro-
cess. Then, a 25 nm-thick ZrO,-Al,O; insulator stack was deposited in
the gate region of both device types before the formation of the Ni/Au
gates. For either device type, the gate-length was kept fixed at Lg ~
2.0 um, but the gate-source and gate-drain spacings (Lsg, Lgp) were
varied. The transistor surfaces were protected with a PECVD depos-
ited 400 nm thick SiO, film for high-voltage breakdown measure-
ments. In addition to regular devices, we also fabricated unperforated
TLM pads of 80 um x 200 yum to extract the contact and sheet resis-
tance values.

From TLM measurements, we found the sheet-resistance Rgy
= 1700 Q/[] and the contact resistance R¢ ~ 1.7 Q-mm, which trans-
lates to a specific contact resistivity of 3.4 x 10 °Q cm’. The field-
effect electron mobility estimated from C-V and gated TLM IV data is
200cm?/V s at gate voltage Vg = 12 V, which increases up to
1050 cm?/V s at Vg= 4V (depleted channel) for the E-mode devices,
in line with estimates at low carrier concentrations <10'' cm ™ taking
alloy scattering as the limiting factor in this ternary.”” For D-mode
ZrO, MOSHFETSs, the typical mobility values are 191 cm*/V s and
554 cm?®/V s for gate voltage V; = 0V and —7 V, respectively.”

The source-drain and current-voltage (I-V) characteristics for the
D-mode and the E-mode MOSHFETS are presented in Fig. 2(a). The
maximum dc for the D- and E-mode devices is 1.2 A/mm and 0.48 A/
mm, respectively. The currents were normalized to the effective channel
width of 15.6 um. We also present short pulse I-Vs measured using a
DIVA D265 dynamic IV analyzer with a pulse duration of 500 ns and a
low duty cycle of 0.1% to avoid device heating. As seen, in the pulsed
mode, peak drain currents over 1.3 A/mm and 0.53 A/mm are achieved
for the D- and E-mode devices, respectively, at a gate voltage of 4+ 10V.
The gate-current at this gate voltage (++10 V) was only 107 A, showing
that our ALD gate oxides are of a high quality.

AAlzos -ZI’OZ
25 nm

Aleal_XN

Graded composition

AlxGa; xN Graded composition Graded conhposition
Al Gag 4N Si doped (15 nm) Aly ¢Gag 4N Si doped (15 nm)
AIN Spacer (0.3 nm) Spacer (0.3 nm)

AlxGa; xN Graded composition

FIG. 1. Schematic of the D-mode (left) and E-mode (right) MOSHFETs.
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FIG. 2. (a) Maximum source-drain DC IV characteristics of D-mode and E-mode
MOSHFETs at Vg = +10V and +12V, respectively. Also shows pulsed IV charac-
teristics for D- and E-mode MOSHFETs at Vg = 10 V. (b) Semi-log transfer charac-
teristics for the D-mode and the E-mode devices. The threshold shift in the E-mode
device with respect to the D mode device is 12.2 V.

Figure 2(b) shows the transfer characteristics for D- and E-mode
devices. From these data, the E-mode device has Vi = +1.4 V using
the criterion of Ref. 15 (voltage at Ing = 10 pA/mm) and the linearly
extrapolated threshold voltage is Vg = +3.6 V. Thus, our recessed
ALD oxide technique leads to the shift in the threshold voltage of the
D-mode devices by approximately +12 V.

Next, we studied the temperature dependencies of the threshold
voltages of D- and E-mode MOSHFETs [Fig. 3(a)]. These were mea-
sured using the heated probe station for the devices on the same wafer.
The temperature-dependent Vg are shown in Fig. 3(a). As seen, for
the D-mode MOSHFET, the Vry experiences a positive Vry shift
of + 1.7 V from RT to 150 °C; for the E-mode MOSHFET, the shift is
negative: —2.9 V. Figure 3(b) shows the mobility variation with temper-
ature, u(T), for a sheet carrier density Ng=1 x 102 em 2 w(T) in
D-mode devices decreases with temperature, while it increases for
E-mode devices. By power law fitting of u(T), indices (o) in the
equation ;t = AT” were obtained as —0.4 and +-0.5 for D- and E-mode
devices, respectively. This means that in D-mode devices, the mobility

scitation.org/journal/apl
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FIG. 3. (a) Temperature-dependent threshold voltages for D- and E-mode devices.
The Vry shifts from RT to 150 °C are —2.9V for E-mode and + 1.7 V for D-mode
MOSHFETs. For comparison, the Vy, shift of +0.2 V for the Schottky-gate D-mode
HFET is also shown. The inset graph shows the temperature dependence of inter-
face state density (Dy) and oxide charge(Qoy) (b) power law fitting of mobility vs
temperature to extract power law indices (¢). (c) Schematic energy band diagram
showing the trap energy level (E;) and position of the Fermi level relative to E;.

is dominated by phonon scattering (typically in GaN —2 < o0 < —1)
mixed with alloy scattering (o = 0) while in E-mode it is dominated by
ionized impurity or charge scattering (typically in GaN +1 < o < 2)
and alloy scattering (o =~ 0).”*> We attribute the increased charge scat-
tering in E-mode devices to the additional fixed charges and interface
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traps introduced by barrier recess, as will be discussed separately below.
For the D-mode device, the Vg gets more positive with the tempera-
ture increase. This means that the total channel charge decreases, along
with p(T). We, therefore, expect the drain current to decrease with tem-
perature. For the E-mode device, the Vg gets more negative reflective
of an increased channel charge, as u(T) also increases. Therefore, the
overall drain current is expected to increase with the temperature, as
was observed (supplementary material).

To further analyze the mechanisms leading to significant Vg shifts
with temperature in MOSHFETSs, we compared them with those of a
similar device having Schottky gate (no dielectric). As seen from Fig.
3(a), the Vrpyy shift for HFET is significantly smaller, +-0.2 V. This shows
that the Vg shift is mainly due to the charges in the dielectric or at the
dielectric-barrier interface. The extracted subthreshold swing (SS) values
for D- and E-mode devices were 99 mV/decade and 134 mV/decade, giv-
ing an ideality factor (n) of 1.7 and 2.3, respectively (supplementary
material), indicating an increased density of interface traps at the recessed
interface in the E-mode device.”” We estimated the total interface density
of states, Dy vs T, using the difference between the area of frequency-
dependent C-V measurements (supplementary material).” The
extracted dependencies are shown in the inset of Fig. 3(a). Like the
observed Vy shifts, the Dyy for the E-mode MOSHEFET is higher than
that for the D-mode device. We attribute this larger Dy value in E-mode
devices to the barrier recessing process, which introduces traps at the
oxide/semiconductor interface, consistent with the increased SS. Similar
trends have been observed in a study from Yang et al.”’

In addition to Dyr causing the Vg shift, we will argue that fixed
oxide charges (Q,x), as measured by C-V, are also responsible.
For these C-V measurements, we used devices with gate-length Lg
= 80 um and gate-width W =200 ym. With the measured C-V data,
we conducted electrostatic analysis as follows to determine the fixed
oxide charges.”® The built-in voltage Vy;, measured from the 1/C* x-
intercept, can be expressed in terms of the depletion region width in
the barrier layer, x4, as follows:”*

_ aNaxg

Vi
bi 2¢,

+EDXt0X' (1)

We determine the E, from Gauss’s law at the oxide/barrier inter-
face, where Q,y is the fixed sheet charge density at this interface,

Ndxd
€oxEox — €Es = Qox = €oxEox — € <q€—) . (2)
S
If we solve for E, in terms of Qx, We can rewrite Eq. (1) as
Nyx%  gNyx,
Vbi:q dd+q ddfox"'%tox- (3)

265 EOX 6DX

Xq is calculated from the fact that the oxide capacitance,
Cox=¢€0ox/tox> and the depletion capacitance in the barrier, €;/x4, are in
series. From the measured O bias capacitance C (0),
Xg = (Coxes — C(0)€;)/C(0)Cyy. Inserting this x4 into Eq. (3), we
have an equation with only unknown parameter Q,y, in terms of the
measured Vy;, Ng, and the known oxide parameters. The extracted
Qo (T) is plotted in the inset of Fig. 3(a). It shows that in the D-mode
device, Qox(T) is much higher than Dy(T). These are fixed negative
charges, which deplete the channel, and shift V3 more positively, giv-
ing a total shift of +1.7V from RT to 150 °C. In the E-mode device,

scitation.org/journal/apl

the Qox and Dyt values are comparable [see Fig. 3(a) inset] and, thus,
the effect of Q,x is compromised by Dy, thus shifting the Vg in the
opposite direction. We use these values of fixed charges in a 1D
Poisson Solver simulation”” and observe a similar Vg shift from RT
to 150 °C (supplementary material).

Our results suggest that a deep sub-bandgap trap level (E,)
located near the mid-bandgap plays the role for positive and negative
Vg shifts in D- and E-mode devices, respectively, as has been done
with AIGaN/GaN HEMTs.”’ We assume this state is donor-like, neu-
tral when occupied, and positive when empty. In the D-mode device,
at RT, the majority of the trap states contribute electrons (positively
charged) to form Ng and the Fermi level (Ey) is well above the bottom
of the conduction band [Fig. 3(0)).7%" As the temperature increases,
trap states start occupying electrons from 2DEG, moving E; down
toward the intrinsic midgap position. At elevated temperature, the
2DEG density is less than that of room temperature. As a result, less
negative voltage is required to deplete the channel compared to room
temperature, causing a positive threshold shift.

In the E-mode devices, at RT, the E¢is between E, and E,. With a
temperature rise, the Ef moves up, filling more trap states. Electron
transfer then occurs to the conduction band of Aly4Gag¢N, which is
close to E,. As the temperature keeps increasing, more and more elec-
trons transfer from the trap states to 2DEG. Additional negative volt-
age is required to deplete the excess electrons, causing a more negative
threshold shift.

The three terminal breakdown voltages for the D-mode devices
were found to be over 1000 V for a gate-drain spacing of 8 um. For an
E-mode device with a gate-drain spacing Lgp = 4.1 um, the breakdown
voltage was measured to be over +700V (supplementary material).
The breakdown field is still far from the theoretical limit, and we
believe that the surface flashover is the dominating factor here.
These values are expected to improve with field-plating and better
control of surfaces. Nevertheless, these devices exceed the 600V
standard for power electronics.

In summary, we presented Al,O5-ZrO,/Aly¢Gag 4N/Aly4Gag N
D-mode and E-mode MOSHFET devices with drain currents as high
as 1.3 A/mm and 0.48 A/mm and studied their temperature dependen-
cies. For D- and E-mode devices, the threshold voltage shift from RT
to 150°Cis +1.7 V and —2.9V, respectively. The temperature shift of
Vru for the MOSHFET is attributed to the activation of fixed and
trapped charges in the dielectric and/or the dielectric/AlGaN interface.
Scattering from these increased charges dominates the channel mobil-
ity in E-mode devices.

See the supplementary material for the optical and SEM image of
the perforated channel (PC) MOSHFETS; cross-sectional view of
unperforated and perforated portions of the channel; temperature-
dependent subthreshold swing (SS); temperature-dependent peak cur-
rent for D- and E-mode devices; high-low C-V for D;, extraction and
breakdown characteristics.
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