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ABSTRACT

Ultrawide bandgap (UWBG) AlGaN-channel metal-oxide-semiconductor heterostructure field-effect transistors (MOSHFETS) with a ZrO, gate
dielectric achieve peak current in excess of 0.4 A/mm and current ON/OFF ratios >10° with subthreshold swings as low as 110 mV/decade.
These devices have strong potential for use in power and radio frequency electronics or as true solar-blind photodetectors. In this work, we
present the photoresponse analysis in UWBG AlGaN MOSHEFETS. Persistent photoconductivity with the decay time above 10 minutes can be
quenched by illuminating with strong UV light at 365 nm and 254 nm, suggesting deep traps to be responsible for this behavior. Upon correlat-
ing the optical response under various illumination conditions with cathodoluminescence of these devices, we identified two key trap levels
at ~2.48 £ 0.14 eV and 3.76 £ 0.06 eV, controlling the slow response time. By depth-profiling using cathodoluminescence, these traps are iden-
tified to be at the AIN/AIGaN interface at the back of the device, due to partial relaxation from the lattice mismatch between AIN and

Al 4Gag 6N.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125776

Ultrawide bandgap (UWBG) materials, with a bandgap, E,
> 4.5¢€V, such as diamond, Ga,0;, and AlGaN,’ have emerged as can-
didates for electronic and optoelectronic devices capable of operating
in extreme environments, such as in nuclear power plants,” electric
vehicles,” and compact solid-state converters.* The UWBG suppresses
thermal carrier generation, reducing leakage current,” and enabling
high temperature operation without active cooling. This could poten-
tially reduce the size, weight, and cost of such systems.” Over the past
decade, the UWBG AlGa; 4N (x > 0.4) has found applications in
deep ultraviolet (DUV) light emitting diodes (LEDs)” and is a compel-
ling candidate for next generation of power devices and solar-blind
photodetectors.”® On the basis of the Baliga Figure of Merit, Chow
and Tyagi have argued the best possible Al,Ga, N power devices for
Al-mole fractions of ~0.6-0.7 owing to their potentially large critical
breakdown field arising from the UWBG.” However, it is challenging
to form contacts to UWBG materials, limiting the currents for power
devices.

Our group recently demonstrated'*"” high electron mobility tran-
sistors (HEMTs, ak.a. HFETs) based on Aljg5Gag 15N/Alg ¢5Gag 35N,
with peak currents > 0.2 A/mm, and Al 5Gag3sN/Aly4GageN with
peak currents > 0.5 A/mm. These devices had a minimal drop in peak
current for a temperature range of room temperature to 200°C and a
breakdown voltage >600V. The device performance was further
improved by incorporating SiO,'" and high-k gate-dielectrics,”” which
increased the ON/OFF ratio. UWBG HFETSs and metal-oxide-semicon-
ductor heterostructure field-effect transistors (MOSHFETS) can also be
used as true-solar-blind photodetectors with the internal gain due to
current amplification.”'* However, persistent photocurrent (PPC) is a
serious issue affecting the performance in ITI-N devices,"” which leads to
significant degradation in the noise performance, and speed of HFET-
based detectors.'® The PPC can result from dislocations and deep level
defects in the device, which lead to carrier trapping. The deep traps pro-
long the lifetime of the photogenerated carriers and increase responsiv-
ity at the expense of slower response times. Therefore, it is crucial to
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locate the trap states and their spectral position to improve the perfor-
mance of UWBG AlGaN photodetectors.

Photoresponsivity and luminescence are powerful techniques for
studying trapping effects in III-N materials'” with a spectral resolution.
When combined with a scanning technique, such as cathodolumines-
cence (CL) in a scanning electron microscope (SEM), these techniques
can provide both lateral and vertical (tuned by electron beam energy)
spatial information. In this paper, we characterize the photoresponse
and luminescence of ZrO,/Aly¢5Gag35N/Aly 4,GaysN MOSHFETS to
identify the device regions responsible for PPC. This information can
potentially enable defect management in AlGaN photodetectors to
achieve both higher responsivity and faster response.

Epitaxial layers were grown by pulsed metalorganic chemical vapor
deposition (MOCVD) on a 3 pum thick AIN buffer/sapphire template.
The off axis (102) X-ray peak linewidth for the AIN buffers was
~330arc secs, giving an estimated overall defect-density close to (1-3)
x 10® cm ™" The device consists of 0.5 um-thick Aly4Gag¢N channel
and 300 A-thick n-Al ¢sGag 35N barrier layers. Only the barrier layer was
silicon doped with a carrier concentration of approximately 4-6
% 10" cm™> measured by capacitance-voltage. Using the eddy current
method, the sheet resistance (Ry,) value was measured to be 1900 Q/[],
which is consistent with the values extracted from the transmission line
method (TLM). The barrier layer in our work was AlyssGagssN as
good Ohmic contact formation is well-understood through UV LED
work,'””® and our recent demonstration of >0.5 A/mm in this AlGaN
composition.'” The lowest contact resistance reported in the literature for
high-Al AlGaN transistors was for our doped Al 65Gag 35N barrier." For
a HEMT structure, the mole fraction difference should be as large as pos-
sible without cracking through strain relief, typically 0.15-0.25.
Therefore, we selected Al 4Gay N as the channel layer.

Device processing started with mesa isolation using Cl,-based
Inductively Coupled Plasma Reactive Ion-etching (ICP-RIE) followed
by ohmic-contact formation. E-beam evaporation was used to deposit
the Zr/Al/Mo/Au (150/1000/400/300 A) source/drain ohmic contact
metal stack followed by rapid thermal annealing (RTA) at 950 °C for
30 s under N,. Ohmic contacts were achieved with the specific resis-
tance as low as 1.6 Q mm. Thermal atomic layer deposition (ALD) of
the 100 A ZrO, film on the as-received device was conducted using a
Veeco CNT Savannah 200 system at 200 °C with tetrakis(dimethyla-
mido)zirconium (IV) (TDMAZ) and de-ionized water precursors. The
TDMAZ precursor was heated to 75 °C to achieve an optimized linear
growth rate of 0.7 A/cycle. The deposition was initiated with 15 water
pulses prior to the typical AB pulsing sequence to deposit the gate
dielectric to ensure saturation of hydroxyl groups at the AlGaN surface
required for conformal ALD nucleation. Ni/Au (1000 A/2000 A) was
used as the gate metal [Fig. 1(a), inset]. Similar processes were carried
out to fabricate HFETs from a piece of the same wafer with no gate
dielectric and 300 nm silicon nitride (SiN,) passivation for use as the
control HFET structure. Finally, we also fabricated Aly,sGag74N
(30nm)/GaN (3 um) Schottky-gate HEMTs using the same fabrica-
tion procedures for additional control structures (supplementary
material).

Gated transmission line model (GTLM) transistor structures
were used to measure C-V characteristics and sheet and contact resis-
tances and separate the effects related to the regions under and outside
the gate. In the GTLM structures, the gate lengths varied from 10 um
to 100 um. The lengths of the gate-source and gate-drain access
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FIG. 1. (a) Transfer characteristics of a ZrO,-gated AlygsGag4N/Aly4GageN
MOSHFET under dark and 300 nm illumination (the inset shows the device struc-
ture and output characteristics under the same conditions). (b) Decay transients
under dark and 365 nm illumination.

regions were kept constant at Lgs = Lgp = 10 um with a gate-width
of Wg = 200 um. For our study, we also used MOSHFETSs with the
gate lengths of Lg = 1.8 um, Lgs = 2 pm, and Lgp = 7 um and
Wg =100 um. The I-V characteristics (Ip-Vgs and Ip-Vpg) were mea-
sured using an Agilent 4155C parameter analyzer, while the C-V mea-
surements were done using an HP 4284A LCR Meter. A Xenon lamp,
coupled with a monochromator, was used as a photoexcitation light
source along with bright sub-bandgap 60 W, 365nm (hv < E, of
Al.4GaggN), and above bandgap 254 nm (hv > E, of Aly4Gag¢N) UV
light to identify the main mechanism for PPC.

Carrier trapping was forced in the devices to obtain the photoion-
ization spectra, using the technique described by Klein et al."” Dark
Ip-Vps curves were recorded by sweeping the drain voltage from 0 to
up to 40 V at Vgg = —4 V. Before recording the dark Ip-Vpg curves,
the devices were “reset” using a strong 254 nm UV illumination and
then by turning them off. Device I-V curves under illumination with
light wavelengths ranging from 250 nm to 750 nm were measured, and
then the photocurrent was calculated as the difference between cur-
rents under illumination and in the dark. The photocurrents were
recorded using illumination from the bottom (through the substrate)
of the structure to avoid shadowing from the gate metal. The response
function associated with traps for 250nm <1<700nm was
determined from these measurements. CL spectra were measured as a
function of wavelength and e-beam energy (depth profiling) using an
SEM equipped with a parabolic mirror spectrometer. The strain and
lattice mismatch of the epilayers were characterized by triple-axis
high-resolution X-ray diffraction (HRXRD) Reciprocal Space Lattice
Map (RSLM) measurements around the asymmetric (105) plane.

The DC characteristics of a 60 um x 200 um GTLM element are
presented in Fig. 1(a) in the dark and under 300 nm illumination. The
60 um long gate device is selected to demonstrate the illumination effects
with a reasonably low off-state gate leakage (2.7 x 107 A/mm). The
device had a threshold voltage (Vy,) of —10.3 V, a maximum drain cur-
rent of 0.08 A/mm, an ON/OFF ratio > 10°% and a subthreshold slope
(SS) of 200 mV/decade at Vpg = +10 V. The calculated field effect elec-
tron mobility y,, from the v/Ip vs Vg curve using saturation currents

VIp = ;{—Z 1,C6 (Vs — Vi) is estimated to be ~245cm*/Vs from

the well-behaved +/Tp vs Vs at low currents, where the voltage drop
across the contact and access region resistances is negligible. The output
curves show well-behaved saturation up to 18 V.

To demonstrate the photoresponse of this device, the I-V character-
istics were measured with incident light wavelengths of 250-700 nm.
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Under illumination, the transfer curve shifted more negative in voltage
compared to the dark. This was accompanied by an increase in Ip, indi-
cating an increase in the number of electrons in the channel. The maxi-
mum absolute persistent photocurrent (PPC) for all the devices was
obtained at / ~ 300 nm, which is near the band edge of the Al, 4Gay N
channel, but well below the band edge of the Aly¢sGag 35N barrier. The
subthreshold swing (SS) of ~200 mV/decade corresponds to an interfa-
cial defect density of ~2 x 10" cm™2 (Ref. 21) and is unchanged with
300 nm illumination, as well as with the same 365nm sub-bandgap
illumination, which will be shown below to quench the PPC. This indi-
cates that there are no measurable optically active interfacial traps at
the barrier/channel interface, implying a high quality Al sGag 35N/
Al 4GagN barrier-channel interface. This was further confirmed by
C-V, where no significant change in the characteristic was observed,
nor was any hysteresis seen at the channel/barrier 2DEG (supplemen-
tary material). Thus, the conducting channel barrier/channel interface
cannot be responsible for the slow transient from carrier trapping seen
in these devices.

The transient photoresponses of this device with Vgg = —11V,
slightly below Vy,, are shown in Fig. 1(b). After turning off the 300 nm
monochromatic source, the PPC lasting over 10 min in dark ambience,
seen in Fig. 1(b), is believed to be associated with the deep traps. This
PPC at 300 nm was quenched by ~100x from ~3 puA to ~25 nA with
an additional sub-bandgap flood illumination of 54.8 mW/cm® at
365nm, while the 10%-90% response time decreased similarly by
~100x to approximately 0.2 s. The responsivity of ~1.37 x 10> A/W
in the dark was also reduced to ~4.88 x 10> A/W under 365 nm illumi-
nation at 4 ~ 300nm. A similar quenching of PPC was also seen
with an additional 1.58 tW/cm? 254 nm illumination [Fig. SI2(b)]. The
proportional decrease in PPC with the faster response time is a classic
signature of photoconductive gain,'®** arising from the trapping in
sub-bandgap states. Sub-bandgap 365nm (hv<E, of Aly4GageN)
light excites deep traps only, whereas the above-bandgap excitation
(hv > E,, A = 300 nm of Aly4Gag¢N) produces the photoexcitation of
deep traps as well as band-to-band generation of electron-hole pairs.
We note that both our HFET and AlGaN/GaN control structures also
demonstrated similar PPC.

To find the lateral positions of the sub-bandgap traps, a GTLM
technique was used as reported earlier for AlGaN/GaN HEMT’s.”
Moreover, we could bias the device from off to on states using
GTLMs, enabling selection of a gate bias that lowers the drain-source
channel current to a level that is not influenced by the contact resis-
tance, while still being above Vy,. We studied the behavior of 300 nm
light from both top and back sides in the linear (Vg = 2 V) region of
the output curve on GTLMs for Vgs = —4 V. The total resistance of a
GTLM device, neglecting the contact resistances, R is given by

Ry = 2R¢ + Rgs + Rgp + Rer (Lg) = 2Ruccess + Ren (Lg)
= 2Raccexs + qu X (LG/WG)7 (1)

where Rgs and Rgp are the resistances of the gate-source and gate-drain
access regions and Rcyy is the gate-length dependent channel resistance
for a fixed Vgs. In the linear regime, Rey(Lg) = Ryq X (La/W), where
Ryq is the sheet resistance under the gate of the device and 2R, ccess is
the total resistance of the access regions. From a linear plot of Ry vs
Lg, Ryq is obtained from the slope, while R, css is determined from
the y-intercept [Fig. 2(a)]. All resistances decreased under both
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FIG. 2. (a) Gate length dependent total resistance in the linear regime for dark and
300 nm light from back and top sides. (b) Gate length dependent steady-state pho-
tocurrent for 300 nm light from back and top sides (Inset: shadow on 2DEG from
the opaque metal gate).

top-illumination (17.5 uW/ecm? at 300nm) and bottom-illumination
(4.8 tW/cm? at 300 nm). With backside illumination, the decrease
in Ry is distributed throughout the access (15%) and channel
regions (10%), implying that the traps responsible for the observed
static photocurrent decreasing Ry are present in both regions. A
smaller Ry decrease ~5% was seen with topside illumination,
despite the 4x higher 300 nm intensity, demonstrating that shadow-
ing of the incident light by the opaque metal gate [Fig. 2(b)] limited
the modulation of Ry and that R, is not strongly modulated
from surface illumination. Thus, the topside illumination is inten-
tionally subjected to shadowing in GTLM structures, which enabled
us to distinguish potential photoresponse differences between the
access region and the channel region. These observations suggest
that the sub-bandgap trap states responsible for PPC are located
deep enough under the surface, most probably at the AIN/channel
growth interface.

Since the GTLM measurements identified the potential location
of the trapping effects, photoionization measurements were performed
to determine the energy levels of these traps, which were subsequently
correlated with the CL spectrum. To maximize the total channel cur-
rent, and thereby also increasing the photocurrent, the shortest chan-
nel length of Lg = 1.8 um was used to improve the signal level. This
device showed ON/OFF ratio > 107, SS ~ 110 mV/decade, and a cur-
rent drive > 0.4 A/mm [Fig. S3(a)], consistent with the GTLM struc-
tures described above. Figure 3(a) depicts the Ip-Vpg curve (at a
medium sweep rate) in the dark, fully collapsed Ip-Vpg curve in the
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FIG. 3. (a) Output characteristics of the 1.8 um device with current reduction forced
by trapping at high Vps. (b) Overlay of spectral distribution of the response function
S(hv) with the Lucovsky model fitting and CL spectrum at 10 kV/OFF-mesa (inset:
ratio of the defect-assisted emission area, Apag, to near-band emission area, Ange,
obtained by fitting the Gaussian function for the ON-mesa CL spectra vs beam pen-
efration depth).
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dark when 254 nm light is turned off after about 10 min exposure, and
the same curve after ~21 s under 300 nm illumination since the
254 nm light is removed. The difference between the drain current I,
at 4 wavelength and the fully collapsed dark drain current Iy, at a
fixed Vpg = 4.5 V in the linear regime is the light-induced drain cur-
rent AI(Z) shown in Fig. 3(a). Considering the incident photon flux
@(2) for time t, AI(4), and 4,4, we plot the spectral dependence of the
1A
o)t Lgark
measured response function was overlaid with the CL spectrum at 10
kV, as shown in Fig. 3(b), and fit with two trap levels from the

Lucovsky model* describing the ionization of discrete levels,

deep traps utilizing the response function,'” S(/) =

3
2

An (hV - ETn)
(hw)’

where A, is a fitting constant and Er,, is the photoionization thresh-
old energy for the nth trap. The best fit to our S(hv) data is obtained
for A, = 1.0x 10" P cm? Ep = 248 £0.14 eV (R>~0.7) and A,
=7.8x10""" cm? Er, = 3.76 = 0.06 eV (R* ~ 0.91). There is a small
deviation below Er; in the range of 1.5-2.4 eV due to a distribution of
this Er; energy level, as has been observed by Klein et al.'” and from
the width of the sub-bandgap CL features ~50 nm. The broad distri-
bution of these states is also supported by the observation of 1/f vs
1/f noise expected for discrete states.”*”” The drain current power
spectral density for all the devices exhibited 1/f noise (Fig. S4) in the
subthreshold region regardless of the gate length or any lighting con-
ditions. S(hv) is thus dominated by the sub-bandgap trap states Er;
and Er,, which coincides well with the CL spectrum. This correlation
implies that the slow PPC in the device comes from these sub-
bandgap states. The control HFET structure fabricated from the same
wafer showed a similar CL signature, while the AlGaN/GaN HEMT
control showed defect luminescence similar to Klein et al. in GaN
MESFETs."”

The traps responsible for PPC have been identified in energy and
been assigned to the AIN/channel growth interface from the photoion-
ization and GTLM measurements. This was further underscored by a
depth-profiling of the CL spectrum at SEM beam accelerating voltages
of 5kV (~0.134 um penetration), 10 kV (~0.45 um penetration), and
20 kV (~1.515 um penetration).”® By taking the ratio of the area of
the defect luminescence peak to that of the band edge luminescence
peak [Fig. 3(b), inset], the relative contribution from each vertical loca-
tion is obtained. In all our devices (MOSHFET, HFET, and AlGaN/
GaN HEMT), the defect peak intensity increased, the deeper the elec-
tron beams penetrated (supplementary material), clearly showing that
the defects causing the PPC are located at the AIN/channel growth
interface. We have recently shown'” that silicon nitride passivates the
HEET barrier surface precisely for the control HFETSs. These passiv-
ated HFETS still showed slow transients >10 s similar to that in the
MOSHEFETs as well as sub-bandgap photoresponse, showing that
trapping is still present and does not arise from the surface. However,
due to the high gate leakage of the control HFET' arising from a gate
contact directly on the doped barrier," it was not possible to quantify
the low levels of sub-bandgap photoresponse as with the low leakage
in the MOSHFET. Nevertheless, the cathodoluminescence of both the
HEET control structure and MOSHFETs (Fig. S5 in the supplemen-
tary material) showed similar defect assisted emission that increased
with the penetration depth toward the AlGaN channel/AIN growth

S(hy) = , (2)
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FIG. 4. Equilibrium energy band diagram of the MOSHFET structure with trap
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interface. This conclusively shows that the slow trapping does not arise
from the surface and is from the growth interface. An equilibrium
energy band diagram of the MOSHFET device with trap energies is
shown in Fig. 4. The ON-mesa CL spectra for GaN HEMTSs have the
defect and yellow luminescence as shown in Fig. S5(e). The photoioni-
zation threshold energies for GaN MESFET's were 1.8 eV and 2.85 eV
compared to 2.48 eV and 3.76 eV for AlGaN/AIGaN MOSHFETSs,
which are shown in Fig. S7."” Accounting for the band-offsets, the trap
levels line up for AlGaN and GaN, suggesting that they have the same
physical origin. X-ray measurements of that interface show that the
Aly 4Gag N layer is epitaxially registered with AIN, with only 10.4%
relaxation (supplementary material). Nevertheless, this small relaxa-
tion is responsible for the defects seen and plays a significant role in
the transient performance of these devices. This relaxation is unavoid-
able given the large lattice mismatch (~1.6%) at the growth interface.
We also note near the barrier/channel interface that, after the ~0.5 um
growth, the traps do not propagate and are localized to the back
interface. Therefore, a back barrier geometry is required to electri-
cally isolate the traps from the conduction 2DEG. Solutions
include a graded Al composition from 100% down to 40% to
induce a isolating polarization field similar to a pn junction or sim-
ply a high Al back barrier, which will provide isolation at the
expense of lowered 2DEG density. Such back barriers have been
used in AlGaN/GaN devices”** also although the situation is
more severe for AlGaN, a truly pseudomorphic geometry, unlike
the thicker metamorphic GaN channel layers.

In summary, we have identified the transient performance limit-
ing traps arising from the AIN growth interface in AlygsGag 35N/
Aly 4Gag N MOS-HEMTs. These sub-bandgap traps are shown to be
quenched optically, and our results suggest that careful back barrier
engineering may bring to full fruition the promise of UWBG AlGaN
technology for detection applications.

See the supplementary material for the hi-lo C-V curves and D;
extraction; transient performance under 254nm; 1.8 um AlGaN
MOSHFET transfer curve and GaN HEMT transfer and output
curves; 1/f noise in the subthreshold region; ON-mesa, OFF-mesa
MOSHEFET, and HFET CL spectra and slow transient and ON-MESA
CL spectra; Gaussian fitting on the 10 kV/ON-mesa CL spectrum;
comparison of trap energies of AlGaN MOSHFETs with GaN
MESFETs; and RSLM contour plot of partially relaxed AlGaN
material.
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