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ABSTRACT

We demonstrate large area (25000 ym?) Al-rich AlGaN-based avalanche photodiodes (APDs) grown on single crystal AIN substrates operat-
ing with differential (the difference in photocurrent and dark current) signal gain of 100 000 at 90 pW (<1 W cm™?) illumination with very
low dark currents <0.1 pA at room temperature under ambient light. The high gain in large area AlIGaN APDs is attributed to a high break-
down voltage at 340 V, corresponding to very high breakdown fields ~9 MV cm ™" as a consequence of low threading and screw dislocation
densities < 10°cm ™ The maximum charge collection efficiency of 30% was determined at 255 nm, corresponding to the bandgap of

Al 65Gag 35N, with a response of 0.06 A/W. No response was detected for 4 > 280 nm, establishing solar blindness of the device.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138127

Compact and efficient avalanche photodiodes (APDs) capable
of robust and rugged operation at room and elevated temperatures
while being sensitive only in the deep-UV regime with ambient/
visible light rejection capabilities are of great interest for new tech-
nology and applications in biological and chemical compound detec-
tion, UV-based light detection, ranging [light detection and ranging
(LIDAR)] and imaging, radiation detection, etc.' A key advantage
Al,Ga;_N has over other materials, such as SiC and GaN, is that for
x> 0.45, AlGaN exhibits solar blindness, which renders no response
for /. > 290 nm (AML.5). Furthermore, the expected minority carrier
densities and hence the dark current in AlGaN are extremely low,
even at elevated temperatures, with Alj ¢5Gag 35N exhibiting a similar
dark current density at 1300 K as Si at 300 K. In addition, theoretical
analysis of the band structure indicates unlikely hole ionization in
AlGa; 4N with x> 0.6 opening possibilities of high single carrier
multiplication with high gain in linear regime and low noise fac-
tors.”” Hence, AlGaN-based APDs are expected to be solar blind,
highly sensitive, smaller, less expensive, and more robust than cur-
rent UV detectors. Several groups have fabricated APDs on Al,Ga; (N
(x>0.4) grown on foreign (sapphire) substrates; however, these

devices were either limited in area (700 um?) for a gain of 12000 or in
gain (<5500) when the device area was increased up to ~8000
pm®."” Consequently, an interesting trend in decreasing gain and effi-
ciency may be inferred with increasing APD size. We hypothesize that
large screw dislocation densities are likely the cause of this limited per-
formance of avalanche breakdown devices for larger area devices
based on AlGaN on sapphire, as is observed in GaN.” "' Hence, in
this work, we demonstrate that APDs with AlGaN grown on single
crystal PVT AIN substrates with threading dislocation density
(TDD) < 10° cm ™2 (compared with typical TDD in the range from
10°cm ™2 to 10'®cm ™2 when grown on sapphire)'”'” result in a
significant performance gain even for APDs with significantly
larger size. Due to significant challenges arising with poor Ohmic
contacts and low conductivity (DX formation and compensation)
at Al compositions x> 0.8, Al composition in the range from
x ~ 0.65 to ~0.75 has been employed in the APD structure.'® "’ In
the fabricated APDs, we have demonstrated a high gain of
~100000 in devices that are 25000 ,um2 in size, with a low bias
leakage (dark) current < 0.1 pA and a low voltage external quan-
tum efficiency of 0.3 for unity gain.
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FIG. 1. (a) A schematic of the fabricated APDs and (b) SIMS analysis showing the
Mg and Si doping and Al/Ga composition of all the layers of the APD.

The phenomena that influence the APD design are Mg memory
or carry forward in metalorganic chemical vapor deposition (MOCVD)
growth of I-nitrides;”””" compensating defects (Cy, vacancy oxygen
complexes, and threading dislocations), which provide the low doping
limit in AlGaN 7 (absorption) region;”* ** dislocation mediated leak-
age;”””’ poor contacts to p-AlGaN; and absorbing AIN substrates in the
UVC region (<265 nm).”

APD structures (25000 pm?) were grown on AIN single crystal
substrates in a vertical, rf-heated low-pressure, cold wall MOCVD
reactor. To avoid the Mg memory effects, the APD structure termi-
nated with Mg-doped p-AlGaN and a p-GaN contact layer grown
under V/III=2000 under H, diluent. Point defect compensators in
the low doped absorption region are controlled to <10'7cm™> by
chemical potential control (where the formation energies of the com-
pensating defects are increased by tuning the metal and nitrogen
chemical potentials in the growth environment and this requires inter-
mediate N richness by V/IIT = 2250 under H, diluent)."”** For high
conductivity, n-AlGaN contact layer was grown under more N poor
(V/III = 700) conditions.'” TDD-related compensation'””” and dislo-
cation mediated leakage is practically negligible when grown on single
crystal AIN with TDD < 10>cm ™ >.""""" Further details of the
growth, epitaxy quality, and composition measurement techniques are
provided elsewhere.''”"** Hence, APD is designed as a hole multi-
plication device with the absorption region serving as a charge separa-
tion region, providing only holes toward the multiplication region.
Since screw dislocations have been demonstrated to be a source of
leakage in gallium nitride p-n junctions,”” employing foreign sub-
strates such as sapphire resulting in threading dislocation densities
>10"cm ™2, which may only be reduced to a still significant and dele-
terious ~10°cm™> by employing various methods of dislocation
reduction,” ™’ is not sufficient to achieve high performance APDs.

scitation.org/journal/apl

TDD-related compensation'”*” and dislocation mediated leakage is

practically negligible when grown on single crystal AIN with
TDD < 103 Cm72.14,15,3()

The thickness of the “n” region, where most of the photon
absorption occurs, was 500 nm, which is thick enough for >99% of
light absorption. The p-n multiplication region was designed to be
50 nm/50 nm with a doping of 2 x 10" cm *innand 2 x 10" cm ™ in
p with a narrow (~10 nm) undoped i-region between the doped layers.
Finally, a thin p-GaN ([Mg]~2 x 10"® cm ) layer was employed as a
contact layer. APDs were fabricated on insulating AIN substrates consist-
ing of a quasi-vertical structure with mesa-etched, beveled (~20°) side-
walls. V/AI/Ni/Au-based Ohmic contact metallization scheme was used
for the n-contact,’**” and the contact anneal was performed using
rapid thermal anneal (RTA) at 850 °C for 1 min under N, ambient. Due
to absorption in AIN substrates,”*’ " the APD was designed for front
illumination. Ni/Au Ohmic contact rings were deposited on p-GaN, and
the contact was annealed at 600°C for 10 min in air ambient.”’ Device
fabrication was realized with a laser lithography process and a chlorine-
based ICP-RIE. Contact metallization included e-beam evaporation and
lift-off processes. A schematic of the fabricated AlGaN APD is shown in
Fig. 1(a). The thicknesses, composition, and doping of different layers
were verified by SIMS and are shown in Fig. 1(b).

We identify the key APD performance metrics for operation in
the deep UV regime as (a) room temperature operation, (b) solar
blindness and ambient light rejection capability, (c) low dark current,
and (d) high gain. Accordingly, we characterized the fabricated APDs
at room temperature under dark and illuminated conditions with
ambient room lighting and white LEDs. The characterized APDs dem-
onstrate an excellent ambient light rejection capability with no perceiv-
able increase in the reverse current under illumination either by white
LED array or by room lighting. The low bias dark current (I) was
observed to be <0.1 pA (the ammeter limit) shown in Fig. 2(a). The
dark current increases at high reverse bias, shown in Fig. 2(b), indicat-
ing the single carrier multiplication in Al-rich AlGaN, which was
theoretically predicted by Bellotti and Bertazzi” in Al-rich (x> 0.6)
AlGa; 4N and is corroborated by the strongly temperature activated
dark current [Fig. 2(b)]. It has been shown previously that hexagonal
hillock features seen after AlGaN epitaxy on AIN substrates originate
from threading dislocations in AIN."* Since the density of hillocks was
comparable with the TDD at ~10%cm ™2, the devices with hillocks
exhibited threading dislocations and those without hillocks had a high
chance of not exhibiting threading dislocations. Since hillocks are visi-
ble, they allow the characterization of the influence of threading
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FIG. 2. (a) The dark and photocurrent (for / = 250 nm) for Alg¢sGag asN-based APD (25000 um?), (b) the temperature dependence of dark current, and (c) the impact of

hillock (or threading dislocations) on the dark current.
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FIG. 3. The charge collection quantum efficiency and response as a function of wave-
length. (b) A comparison of normalized spectral response of AlygsGagssN- and
SiC-based (Ref. 45) APDs with the solar spectrum (Reference AM1.5 spectra from
ASTMG173-03 tables).

dislocations. Figure 2(c) shows reverse characteristics for devices with
and without hillocks and consequently with and without threading
dislocations. It is clear that threading dislocations increase the reverse
leakage and hence dark current and results in poor APD performance,
and it supports our hypothesis that threading dislocations were respon-
sible for the limited performance of APDs on sapphire. The APDs were
then characterized under illumination using a xenon lamp attached to
a monochromator for wavelength selection. Under illumination, there
is a clear increase in the reverse current relative to the dark current, as
shown in Fig. 2(a), where the illumination was at 255 nm and 90 pW of
incident optical power. From the photocurrent (I,) and known inten-
sity of light as a function of wavelength at low bias (<5 V), the charge
collection quantum efficiency (1) was determined as a function of
wavelength for the APD. As expected for a direct bandgap semiconduc-
tor with a bandgap of 4.9 eV (Al 65Gag3sN), the efficiency was maxi-
mum at 4.9 eV (4 = 255nm) at ~30%, corresponding to a response of
~0.06 A/W. The spectral dependence of the efficiency and response are
shown in Fig. 3(a). As will be discussed later in this work, efficiency
increases with the increase in reverse bias, and the reported efficiency is
the “low bias” efficiency. Further, efficiency is lowered due to the thin
region of absorbing p-GaN contact layer in the top-illuminated APD
where ~40% of the incident optical power is absorbed. The absorption
in the ~25nm of p-GaN layer was estimated using Beer-Lambert law
from an absorption coefficient of ~2 x 10° cm™ ' at wavelength of
interest (~250nm)." This reduced the efficiency by ~20%. The APD
response [Fig. 3(a)] was found to be immeasurable for 4 > 280 nm.
Hence, the solar blind rejection ratio (Ryss nm/Rasonm) and UV/visible

ARTICLE scitation.org/journal/apl

rejection ratio (Ryssnm/Ragonm) 18 >1800 and > 12000, respectively,
assuming that the visible and 280 nm response are lower than measure-
ment noise in the dark current. Further, the solar blindness of the APD
is apparent from Fig. 3(b) showing the APD response and solar spec-
trum; SiC APD response is included for comparison (from Ref. 45).

We finally characterized the ionization gain of the APD. The illu-
mination was at 255nm and 90 pW of incident optical power. The
dark and photocurrents are shown in Fig. 4(a). Note that the current is
limited in the yA range by a protection circuit involving a series resis-
tor. The gain is high at voltages >340V, when the current is limited
by the series resistance with technology computer-aided design (TCAD)
simulations with ATLAS framework by Silvaco, indicating correspond-
ing parallel plane fields ~9 MVcm ™. Further, TCAD simulations pre-
dicting the ionization integral employing the ionization coefficients
predicted by Bellotti and Bertazzi for AlysGay,N [ionization coefficient
for electrons is 6 x 10°(cm™ "exp(-6 x 10 MV c¢m™'/E), and for
holes, it is relatively low 2 x 10°(cm™ "exp(—3 x 10" MV cm™ '/E,
where E is the applied electric field] resulted in a breakdown voltage of
~340V in reasonably good agreement with our experimental results
indicating the importance of high quality (low threading dislocation
density) epitaxy for achieving the theoretical limits of the nitride system.
The ionization integral is shown in Fig. 4(b) as a function of applied
voltage.

The difference between dark and photocurrent is defined as APD
signal and is plotted in Fig. 4(c). The similarity in the signal function
and photocurrent indicates an ionization gain that modulates any cur-
rent flowing through the device. The gain is defined as*’

1

where V is the reverse voltage, where gain is 1 (assumed for <5V)
and is shown in Fig. 4(c). We report a maximum gain of ~100 000 at
an input power of 90 pW (<1 uW cm™?). Further, the breakdown
voltage exhibited a positive temperature coefficient of ~0.04 V/K as
shown in Fig. 5(a) confirming the avalanche nature of breakdown. It
must be noted that the unity gain photocurrent, where the efficiency is
calculated and employed as a reference for calculation of gain, is not
clearly defined and varies in literature. Increasing the reverse bias
extends the depletion region into the absorption region producing the
electric fields required to separate the generated electron-hole pairs.”
Hence, efficiency increases with increased reverse bias.” However, ioni-
zation gain may also be introduced, resulting in overestimation of
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FIG. 4. (a) Photocurrent (at 250 nm) and Dark current under reverse bias conditions in the tested APD structure. The left inset shows the circuit diagram with series protection
resistance and the right inset shows the current in a linear scale. (b) The simulated ionization integral as a function of applied reverse bias. (c) The APD signal (difference in

the dark and photocurrent) and the corresponding signal gain.
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efficiency albeit with an underestimation of gain. Consequently, the
product of gain and efficiency as a figure of merit (FOM) represent-
ing the ratio of electrons or holes collected per unit time to the
number of photons incident per unit time is employed to provide a
better comparison among the different groups. The maximum
FOM was calculated to be ~30 000. Note that in this case, the gain
was limited by a series protection resistance [circuit diagram is
shown in inset in Fig. 4(a)] with higher currents resulting in a
destructive breakdown. Finally, a compilation of FOMs from
reported gain and efficiencies by different groups on AjGa; N
APDs with x > 0.4 is shown in Fig. 5(b). It is clear that the combi-
nation of point defect and dislocation density management results
in vastly improved performance even for large area APDs necessary
for practical applications.

We have demonstrated Al-rich AlGaN-based avalanche pho-
todiodes (APDs) grown on single crystal AIN substrates operating
with a maximum signal gain of 100000 at 90 pW (<1 uW cm™?)
with very low dark currents (<0.1 pA) at room temperature under
ambient light. The high gain is attributed to the high breakdown
voltage of 340V, corresponding to very high breakdown fields
>9MVem ™' as a consequence of a low threading and screw dislo-
cation densities <10 cm™?. The maximum charge collection effi-
ciency of ~30% was determined at 255 nm, corresponding to the
bandgap of AlyssGag3sN, with a response of 0.06 A/W. Further,
no response was detected for 4 > 280 nm, establishing the solar
blindness requirement.

The authors acknowledge the funding in part from PNNL (No.
NA-22-WMS-66204), AFOSR (No. FA9550-17-1-0225), NSF (Nos.
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(Nos.  WO11INF-15-2-0068, WO911NF-16-C-0101, W911NF-
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