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ABSTRACT

Sensing and imaging over ultraviolet (UV) bands has many applications for
defense and commercial systems, as shorter wavelengths allow for increased
spatial resolution, smaller pixels, and larger formats. The next frontier is to
develop UV avalanche photodiode (UV-APD) arrays with high gain to
demonstrate high-resolution imaging. Various GaN/AlGaN p-i-n UV-APDs
have been fabricated from epitaxial structures grown by metalorganic
chemical vapor deposition (MOCVD) on low dislocation density substrates.
The performance characteristics of frontside-illuminated UV-APDs grown on
GaN/sapphire templates were compared with UV-APDs grown on free-
standing (FS) GaN substrates, where the latter demonstrated lower dark
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current densities for all fabricated mesa sizes, stable avalanche gains higher
than 5x10° and significantly higher responsivities. In addition, UV-APD
epitaxial structures were fabricated in 4x4 arrays with large detector areas,
showing uniform and reliable distribution of breakdown voltage and leakage
current densities. The high crystalline quality of the epitaxial layers of the
GaN and Alp.osGaoesN UV-APDs combined with the low dislocation densities
of the GaN substrates are believed to be responsible for the low leakage
currents, enhanced sensitivities, and reliability of the UV-APD devices. This
paper will discuss the growth and fabrication, characterization, and
performance results of small unit cell size and high gain APDs in wide-
bandgap semiconductors, for UV imaging applications.

1. INTRODUCTION

Detection and identification of targets at various distances has traditionally been
achieved using a wide range of wavelengths and imaging technologies, which include
image intensifies and photomultiplier tubes for UV detection, visible cameras
predominately based on silicon technologies, and infrared sensing technologies such
as short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared
(LWIR) imagers [1]. Each have distinct advantages and drawbacks, with their
practical utility in a given situation or application largely dependent on the specific set
of operating conditions such as light intensity, thermal conditions, and degree of
atmospheric obscuration [2]. Using the shortest wavelength practical, i.e., in the UV
or visible, is often desired to maximize spatial resolution, which allows for small
pixels and large formats [3-6]. Since the longer UV wavelengths transmit through the
atmosphere fairly well, and UV radiation is relatively covert in that it is not
discernable by the human eye, UV illumination is often preferred over visible. For
many applications, the UV band known as the solar-blind region, which is generally
considered as comprising deep ultraviolet (DUV) wavelengths of 280 nm and shorter,
is optimal. Over this range, virtually all solar radiation is absorbed by the upper
atmospheric ozone layer, leaving a dark and clutter-free background even in bright
daylight that can greatly facilitate the detection of potential targets.

UV detection has traditionally been dominated by photomultiplier tube (PMT) and
silicon-based technologies. PMTs can provide enhanced sensitivity for UV detection
with internal gains as high as 10° [7]. However, they require very high operating
voltages (above 1,200 V) as well photocathode cooling for low-noise performance,
making their implementation relatively expensive, bulky, and fragile [8]. In addition,
both PMTs and silicon-based detectors require extra filtering in order to be used for
operation in the solar-blind spectral region [9].



Development of High Gain GaN/AlGaN Avalanche Photodiode Arrays for UV... 131

In recent years, avalanche photodiodes (APDs) based on AlxGaixN semiconductor
alloys have attracted significant interest for the detection of photons in the DUV
spectral region [10,11]. [11I-N materials can provide intrinsic detection capability
through adjusting the bandgap energy, as well as chemical and thermal stability [8].
In addition, UV-APDs based on GaN/AlGaN can provide advantages of high optical
gain, high sensitivity, and low dark current compared to other UV detection
technologies [12,13]. Furthermore, the development of focal plane arrays (FPAS)
comprising individual APD elements as pixels as small as 4 microns is achievable
with this material system technology to provide solar-blind UV imaging capability
[2]. Based on these properties and features, AlGaN-based UV-APDs are excellent
candidates to replace PMTs for detection of solar-blind radiation in many demanding
applications.
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Figure 1. Relationship between alloy composition of AlGaN and the
corresponding spectral cutoff wavelength for UV detectors [4].

Figure 1 presents the relationship between the alloy composition of gallium and
aluminum in AlxGaixN that determines the cutoff wavelength for p-i-n UV detectors,
and likewise for UV-APDs comprising absorber layers composed of such material [4].
It is seen that to move towards shorter-wavelength DUV detection capability,
including operation over the solar-blind region, incorporation of greater aluminum
composition in AlxGaixN is required. While there are several difficulties involved
with adding high concentrations of Al in AlxGaixN that impact the crystalline quality
of AlGaN, efforts are ongoing to improve the material quality in this regard.

Employing optimum growth parameters on low dislocation density bulk substrates has
been successfully employed to improve the crystalline and structural quality of
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epitaxial layers by minimizing defect density in epitaxially grown materials.
GaN/AlGaN p-i-n UV-APD arrays are well-suited for numerous applications
including covert military sensing, chemical and biological detection of surface
residues and bio-aerosol agents, machine vision, and space research [14]. The next
frontier is to develop and demonstrate high performance, small unit cell / pixel size
GaN/AlGaN UV-APD arrays for sensors to enable high resolution imaging in UV
bands of interest, including the solar-blind region.

Due to the lack of availability of native I11-N substrates, the development of large-
area UV-APD arrays based on I11-N materials has been primarily limited to the use of
lattice-mismatched substrates such as SiC and sapphire [15]. However, the lattice
mismatch and difference in the thermal expansion coefficients between such foreign
substrates and the deposited epitaxial layers leads to cracking and/or bowing of
material structures and other strain-induced defects, in particular threading
dislocations, resulting in high leakage current and premature microplasma breakdown
prior to reaching avalanche breakdown [16,17]. This has in turn resulted in UV-APD
devices having nonuniform electrical properties, low vyield, and relatively high
leakage currents. Consequently, improving the crystalline quality of epitaxial layer
structures and reducing defect density are greatly desired for achieving highly
sensitive and reliable UV-APDs. As will be discussed in detail, the homoepitaxial
growth of AlGaN layers on low dislocation density n-type GaN “free-standing” (FS)
substrates is a practical and viable means to reduce the leakage current and boost
gains significantly (e.g., compared to similar devices grown on non-native
GaN/sapphire substrates) through minimizing the density of dislocations propagating
from the substrate [18-20].

To improve collection efficiency and sensitivity from weak light, arrays of UV-APDs
having large detection sizes are advantageous [21,22]. The development of large
detection area UV-APD arrays based on I11-N materials, however, has likewise been
hampered by high dislocation densities originating from heteroepitaxy, in this case
primarily those involving structural and passivating layers defects and irregularities,
resulting in nonuniformity in the electrical properties of devices and consequently low
yields [16]. Moreover, these issues become more critical as the detection areas of the
photodiodes are made larger [23]. Therefore, optimizing the fabrication processes, in
particular etching and passivation techniques, to reduce sidewall leakage currents is
instrumental towards realizing high performance UV-APD arrays and yielding larger
detector sizes [24]. We will likewise cover recent development of large-area 4x4
GaN p-i-n UV-APD arrays with strain management that encompass these features and
technologies for enhanced performance.

In this paper, we discuss the growth, fabrication, and characterization of GaN and
AlGaN p-i-n UV-APDs and 4x4 UV-APD arrays on FS-GaN substrates to address the
technological issues associated with crystalline defects and crack formation in AlGaN
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APDs [14,17]. In addition, the characteristics of the AlposGaoesN UV-APDs grown
on FS-GaN are compared to those fabricated on sapphire substrates having different
threading dislocation densities to better understand the influence of leakage current on
the performance and longevity of the devices. The development of GaN and AlGaN
p-i-n UV-APDs and APD arrays on FS-GaN substrates with low dislocation densities
thus addresses the technological issues associated with crystalline defects and crack
formation in UV-APDs that have been traditionally been detrimental to device
performance and reliability.

2. GROWTH AND FABRICATION OF UV-APDS

Epitaxial growth of front-illuminated GaN/AlIGaN p-i-n UV-APD arrays was carried
out by metalorganic chemical vapor deposition (MOCVD) using a reactor system
equipped with a close-coupled showerhead growth chamber [19]. The upgraded
AIXTRON MOCVD growth reactor, shown in Figure 2, provides better uniformity
control for material growth of high quality GaN and AlGaN material with doping for
GaN/AlGaN UV-APD applications [25]. Trimethylaluminum (TMAI, AI(CHsa)z3),
trimethylgallium (TMGa, Ga(CHs)z), and ammonia (NH3) were used as the Group I11
and Group V precursors for aluminum (Al), gallium (Ga), and nitrogen (N),
respectively, with hydrogen (Hz) carrier gas for the growth of the AlxGaixN layers.
Diluted silane (SiH4) and bis-cyclopentadienyl magnesium (Cp2Mg, Mg(CsHs)2) were
used as n-type and p-type dopant precursors, respectively.
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Figure 2. (a) High-temperature MOCVD system (AIXTRON) with
close-coupled showerhead used in this work; and (b) IlI-nitride
MOCVD growth chamber, open for loading wafers [25].

The native n-type FS-GaN substrates employed, characterized by threading
dislocation densities lower than 5x10° cm?, were sliced from a thick GaN layer
grown by hydride vapor phase epitaxy. (In prior experiments, double-side polished
AIN substrates were utilized in the fabrication of backside-illuminated UV-APD
devices [1,26]. A main advantage of GaN-based substrates is maturity of the
substrate technology that facilitates implementation of I11-N epitaxial growth [27].)
For the AlGaN APDs developed on sapphire, GaN/sapphire templates grown on
(0001) c-plane Al>O3 substrates were used; these incorporated a low temperature GaN
buffer layer, followed by a ~3 pum thick unintentionally doped GaN layer via two-step
growth. The dislocation density of the GaN/sapphire templates was estimated to be
~5.4x10% cm?, based on full-width at half maximum (FWHM) values in X-ray
diffraction (XRD) rocking curves. The determined AlxGa;—xN mole fraction of x =
0.05 was likewise derived from XRD analysis.

The epitaxial layer structure was fabricated into top-illuminated UV-APD individual
and array devices with circular mesas of various diameters ranging from 30 um to 100
um. (For the 4x4 GaN UV-APD device arrays, each element in the array was
patterned into a 75x75 pm? square mesa.) Fabrication of the p-i-n GaN/Alo 0sGao.osN
UV-APDs was initiated with mesa formation employing inductively coupled plasma
(ICP) etching using a Clo/Ar carrier gas mixture and silicon dioxide (SiO.) etch. After
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mesa formation, Ti/Al/Ti/Au and Ni/Ag/Ni/Au metal stacks were deposited by
electron-beam evaporation and annealed at 700°C and 500°C for the n-type and p-type
ohmic contact layers, respectively. Figure 3(a) shows an epitaxial cross-sectional
view of a 30 pm diameter GaN UV-APD device, with a top-view scanning electron
microscopy (SEM) image of the device given in Figure 3(b) [27].
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Figure 3. (a) Schematic structure, and (b) corresponding scanning
electron microscopy (SEM) image, of 30 um diameter GaN APD with
5 um wide Pd/Au ring, fabricated in this instance without bonding pads
[27].

The fabricated devices were then passivated by SiO; using plasma-enhanced chemical
vapor deposition (PECVD). The passivation layer was designed to reduce the leakage
current through the mesa sidewalls, preventing the devices from undergoing
premature breakdown under reverse bias. A portion of this SiO; layer was
subsequently removed by ICP etching to form via holes for interconnects and wire
bonding pads. Finally, thick Ti/Au metal stacks forming the metal interconnects and
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bonding pads were deposited by electron-beam evaporation. Figure 4(a) shows a
schematic cross-sectional view of the epitaxial layers and device structure for the
Alo.osGao.gsN UV-APDs, and Figure 4(b) features a top-view SEM image of the APD
physical layout showing the metal contact pads and circular mesa, where the dotted
yellow line (A to A’) indicates the extent of the cross-sectional portion depicted
schematically in Figure 4(a) [17].
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Figure 4. (a) Device structure cross-section of GaN p-i-n APD on bulk
GaN substrate. (b) Corresponding SEM image showing contact pads
and circular mesa area of photodiode [17].
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pad

Figure 5. Top-view SEM image of (a) 4x4 GaN p-i-n UV-APD array
with 75x75 um? mesas grown on FS-GaN substrate; and (b) expanded
portion of UV-APD array in lower-right quadrant of image in (a) [14].

A top-view SEM image of the fabricated front-illuminated GaN p-i-n UV-APD array
is shown in Figure 5, comprising 16 individual GaN UV-APDs spaced 7 um apart
from one another [14]. Four square wire n-type bonding pads are present at each
corner, connected to a common n-type contact situated around the periphery of the
UV-APD array. Along every side of the UV-APD array are the rectangular wire-
bonding pads for the p-type contacts, one for each of the 16 devices.
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XRD rocking curves were used to characterize the bulk crystalline quality of the
epitaxial layer structures of the UV-APDs. XRD w-26 scans near a GaN (00-4)
diffraction peak are shown in Figure 6 [24]. Although the Alo.osGaoosN p-i-n UV-
APD on FS-GaN substrate (black line) and that on the GaN/sapphire template (red
line) were fabricated with the same growth conditions, it is seen that the XRD peaks
corresponding to the individual layers in their epitaxial structures differ marginally.
This may be attributed to the variation in actual substrate surface temperatures caused
by different substrate thermal conductivities, and likewise to the strain/bowing status
of the growing surfaces that is known to vary according to substrate type [25].
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Figure 6. X-ray diffraction (XRD) w-26 scans near GaN diffraction
condition for AloosGaoesN p-i-n UV-APDs grown on FS-GaN
substrate (black line) and GaN/sapphire template (red line) [24].

In addition, atomic-force microscopy (AFM) was utilized to characterize the surface
properties of the UV-APD arrays. Figure 7 shows plots of the root mean square
(RMS) surface roughness of the structures with various AFM scan sizes [24]. The
AlGaN UV-APD epitaxial structures grown both on FS-GaN and GaN/sapphire
substrates had well-developed atomic step-flow morphologies, and no defects were
observed on the surfaces from the AFM analysis. However, the epitaxial layers grown
on the GaN/sapphire template evidenced dislocation-related surface features not
observed in those grown on the FS-GaN substrate. These results support the
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practicality of developing low-cost, highly uniform, and reproducible UV-APD arrays
on bulk GaN substrates.

Figure 8 presents chemical analysis of major dopants and potential impurities in the
epitaxial structure performed using secondary ion mass spectrometry (SIMS) of the
GaN p-i-n APD structure [28]. The Si and Mg dopant profiles confirm that the
epitaxial structure matches well with the APD design. The impurity levels for C and
O remain close to the detection limit of the SIMS instrument.
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Figure 7. Atomic force microscopy (AFM) RMS roughness of
AloosGaoesN p-i-n UV-APDs grown on a FS-GaN substrate (black
squares) and a GaN/sapphire template (red circles) with different scan
areas; inset shows surface images in 5x5 pm? scan [24].
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Figure 8. Secondary ion mass spectrometry (SIMS) profile of GaN p-
i-n APD structure. The data show controlled Si and Mg doping for n-
and p-type layers, respectively, and low background doping
concentration in the i-GaN layer [28].

3. UV-APD DEVICE PERFORMANCE RESULTS

In order to measure the dark current, photocurrent, and avalanche gain of the
GaN/AlGaN UV-APD devices, a Keithley Model 4200 semiconductor
characterization system and Newport Apex illuminator with Oriel xenon lamp
equipped with a monochromator system were utilized. The avalanche gain was
calculated as the difference between the reverse-biased photocurrent and the dark
current, divided by the difference between the low-bias photocurrent and the dark
current. To obtain the photocurrent distributions, UV light at the 280 nm solar-blind
wavelength was used to illuminate the front surfaces of the UV-APDs.

Figure 9 shows the dark current, photocurrent, and avalanche gain for a Alo.osGao.gsN
UV-APD with 30 um diameter circular mesa as a function of reverse bias. Under
dark conditions, the device showed low leakage current under 1 pA (corresponding to
dark current density of less than 1x10°" A/lcm?) up to a reverse voltage of around 60 V
[17]. Above 60 V, however, the dark current increased monotonically until the
impact ionization process started to dominate the current flow, indicating increased
generation current from the bulk space-charge region with increasing reverse bias
[20]. Beyond this point, the dark current rose sharply with increasing reverse bias,
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suggesting active impact ionization in the multiplication region. Under the 280 nm
UV illumination, the photocurrent remained constant up to 60 V, and then for higher
values of reverse bias rose noticeably over the dark current background (see Figure 9,
inset). At the onset of avalanche breakdown (102 V), the avalanche gain for this
device reached a maximum value of above 2x10° indicating strong avalanche
multiplication processes. In addition, no microplasma breakdown or edge breakdown
due to sidewall damage were determined to occur, the absence of which is attributed
to the low damage etching process and high quality dielectric passivation utilized for
the UV-APD.
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Figure 9. Current density and gain plotted vs. reverse bias for an
Alo05Gao.gsN UV-APD with mesa diameter of 30 pum with and without
UV illumination at 280 nm. Inset shows dark current and photocurrent
plotted over 99 V to 101 V reverse bias range [17].

Figure 10 presents a comparison of the reverse bias I-V characteristics of 40 um
diameter Alo.osGaogsN UV-APDs grown on a FS-GaN substrate and GaN/sapphire
template [24]. For the UV-APD device grown on the FS-GaN substrate [Figure
10(a)], the dark current is shown to increase sharply above the onset point of
avalanche breakdown (~100 V). The maximum electric field of the device was
estimated to be ~3.2 MV/cm, consistent with values reported in literature for
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avalanche breakdown multiplication. The estimated avalanche gain was 82 at the
onset point and became higher than 5x10° beyond the breakdown voltage (Ver) of 102
V. This sharp increment of avalanche gain implies that the device underwent a strong
avalanche multiplication process above Vgg.
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Figure 10. Reverse-based I-V characteristics for 40 pum diameter
Alop.osGap.gsN p-i-n UV-APDs grown on (a) FS-GaN substrate and (b)
GaN/sapphire template [24].

Figure 10(b) plots the gain and dark current density for the corresponding
AloosGaogsN UV-APD device grown on the GaN/sapphire template. The averaged
dark current densities taken up to the onset point were ~3.1x10% A/cm? for AlGaN
UV-APDs grown on the FS-GaN substrate, and ~6.5x10° A/cm? for those grown on
the GaN/sapphire template; in the case of the latter, the dark current density increased
dramatically even at low reverse bias. The comparatively high dark current of the
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UV-APD grown on the GaN/sapphire template was determined to be the result of
higher dislocation density in its active region, resulting in detrimental trap-assisted
leakage current. The calculated avalanche gain of the UV-APD grown on the
GaN/sapphire template became higher than 2x10* at the Ver of ~93 V. Though
avalanche breakdown was observed, the avalanche gain of the UV-APD grown on the
GaN/sapphire template was still an order of magnitude lower than the gain of the UV-
APD grown on the FS-GaN substrate [Figure 10(a)].

Figure 11(a) presents the breakdown voltages and dark current densities of
AloosGaoosN UV-APDs with those of GaN UV-APDs having similar p-i-n epitaxial
layer structures, all grown on FS-GaN substrates, as functions of APD mesa area [17].
The breakdown voltages of the UV-APD devices of various mesa sizes were in the
range of 94 V to 102 V. The relatively small but significant differences in Var
between the AloosGaogsN and GaN UV-APDs may be attributed in part to the devices
having slightly different drift region thicknesses. The averaged dark current densities
for the AlGaN devices increased overall with mesa area, while these values remain
less than 5x107 A/cm? for all mesa area devices; this was likewise the case for the
GaN UV-APDs [11].

Figure 11(b) plots the photocurrent densities at a wavelength of 280 nm taken from
the flat region of the I-V plots under 60 V reverse bias along with the maximum
avalanche gains of the AloosGaoosN UV-APDs, again as functions of mesa area [17].
The unity-gain photocurrent density showed relatively uniform distribution for each
measured device, though some dependence on mesa size is evident. The avalanche
gain for all the devices remained greater than 1.5x10°, which is significantly higher
than that previously reported for AloosGaossN UV-APDs [29]. The low leakage
current preceding avalanche breakdown, consistent breakdown behavior, and high
avalanche gain for the AloosGaossN UV-APDs are attributed to the improved
crystalline quality of the optimized epitaxial layers and reduced defect densities
effected through strain management in the n-AlxGaixN step graded layers.
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Figure 11. Area-dependent breakdown voltages and dark current
densities of  Alo.osGao.ssN UV-APDs compared with those of GaN
UV-APDs, both grown on FS-GaN substrates, and (b) photocurrent
densities and avalanche gains of the Alo.osGao.osN UV-APDs under 280
nm UV illumination [17].
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Figure 12. Area-dependent dark current densities and breakdown
voltages of Alo.osGaogsN UV-APDs grown on a FS-GaN substrate and
a GaN/sapphire template [24].

Figure 12 shows the dependence of the dark current densities and breakdown voltages
on APD mesa area for Alp.osGao.gsN p-i-n UV-APDs grown on FS-GaN substrates as
well as GaN/sapphire templates [24]. These devices were characterized by mesas
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ranging from 30 um to 70 um in diameter, corresponding to surface areas of 707 um?

to 3847 um?, respectively. Concerning the smaller devices (areas less than 1500 pm?),
the dark current densities were approximately one order of magnitude lower for APDs
on the FS-GaN substrates than those on the GaN/sapphire templates, while for larger
devices (areas greater than 2500 um?) they differed only by a factor of 2 to 3. The
small changes in dark current density with respect to mesa sizes in Figure 12
potentially indicate minimal damage occurring in the mesa definition, with the high
quality dielectric passivation contributing towards reducing leakage current through
the mesa sidewall surfaces.
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Figure 13. (a) Dark currents for independent UV-APDs with various
mesa sizes and shapes; and (b) repetitive reverse bias |-V
characteristics of four different devices selected from 4x4 GaN UV-
APD array grown on a FS-GaN substrate [14].

Figure 13(a) displays the correlation with mesa area of the reverse bias I-V
characteristics of individual UV-APDs similar to and representing those in the 4x4
GaN UV-APD arrays grown on FS-GaN [14]. It is seen that the dark currents of the
single UV-APDs rose until impact ionization effects started to affect the current flow
at around 94 V reverse bias, marking the onset of avalanche breakdown. Beyond this
voltage, the dark current density rose sharply with increasing reverse bias, suggesting
the occurrence of active impact ionization under the high electric field in the
multiplication region. These devices fabricated with different mesa sizes exhibited
almost identical reverse bias characteristics in terms of dark/leakage current and Vegr.

Additionally, multiple reverse bias I-V scans of dark current behavior were performed
for selected devices along the diagonal of the 4x4 p-i-n UV-APD arrays to verify the
reliability of the devices, with these results plotted in Figure 13(b). Similar to the



146 Ashok K. Sood, et al

pattern seen in Figure 13(a), the four UV-APD devices chosen exhibited nearly
identical dark currents and consistent breakdown voltages over repetition of the 1-V
scans [14]. The average dark current leading up to the onset point of breakdown
voltage (approximately 96 V for all the UV-APD devices) was determined to be
~2.6x107" Alcm?. These concurrent 1-V characteristics measured over the sequential
tests demonstrated consistent breakdown voltage and leakage current behavior. The
stable and reliable electrical properties of the measured UV-APDs are attributed in
part to suppressed mesa sidewall leakage currents and local junction breakdown.

The reverse bias dependent spectral response of both the GaN and Alo.osGao.gsN p-i-n
UV-APD devices was likewise characterized at room temperature. For this
measurement setup involving frontside illumination, an Oriel xenon lamp,
Cornerstone 260 monochromator/chopper system, and lock-in amplifier were utilized
for the UV radiation source, selection and modulation of the optical wavelength, and
photocurrent measurement, respectively. Figure 14 shows the bias-dependent spectral
responsivity vs. wavelength under varied reverse biases of selected Alo.osGag.esN GaN
and UV-APD devices grown on FS-GaN substrates. In contrast to UV-APDs grown
on the GaN/sapphire templates, premature microplasma breakdown resulting from
defects and dislocations in the active regions was not observed for the Alo.osGao.gsN
UV-APDs grown on FS-GaN substrates.
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Figure 14. (a) Reverse-biased voltage-dependent spectral response of
photocurrent measured at room temperature for 70 um diameter
AloosGao.gsN p-i-n UV-APD [24]. (b) Reverse bias dependent spectral
response of a selected device from GaN p-i-n UV-APD array with
mesa size of 75x75 pm? [14].

In Figure 14(a), a 70 um diameter Alo.osGaoosN UV-APD showed peak responsivity
of 43.4 mA/W at 354 nm under zero bias, corresponding to an external quantum
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efficiency (EQE) of ~16% [24]. However, at a reverse bias of 80 V closer to the
breakdown voltage, the peak responsivity increased to 221.8 mA/W at 362 nm,
corresponding to an EQE ~94%. (The occurrence of significant UV absorption in the
p-Alo.osGaogsN layer of the frontside-illuminated UV-APD device is noted, somewhat
limiting the attainable EQE.) The peak absorption wavelength for the photocurrent at
zero bias (measured at ~354 nm) was found to correspond to the bandgap of the
AloosGaogsN layer. In addition, this AlGaN device exhibited a zero-bias absorption
cutoff wavelength of 370 nm, about 10 nm shorter than that of GaN p-i-n APDs.

The responsivity curves vs. wavelength for a 75x75 pm? GaN p-i-n device selected
from a 4x4 UV-APD array are given in Figure 14(b) [14]. For this device, a peak
responsivity of 142 mA/W at zero bias was exhibited at a wavelength of 366 nm with
an absorption edge at 390 nm. The peak absorption wavelength was observed to shift
from 366 nm to 378 nm with increasing reverse bias, which is possibly related to the
Franz-Keldysh effect [19]. Concerning both the GaN and Alo.osGaogsN UV-APDs,
the significantly broadened absorption edges moving into the bluer (shorter-
wavelength) bands at larger reverse biases indicates the extension of the depletion
region into the p- and n-type doped regions as the electric field increased. Likewise,
the significant rise in the responsivities at comparatively high values of reverse bias
(particularly 90 V and above) was determined to be the result of carrier impact
ionization approaching the onset of avalanche multiplication.

4. SUMMARY AND CONCLUSIONS

This paper has examined the growth and characterization of GaN and Alo.osGao.gsN
epitaxial device structures that have demonstrated low dark current densities and high
gains at avalanche breakdown. GaN/AlGaN p-i-n UV-APDs grown by MOCVD on a
free-standing GaN substrates exhibited avalanche gains greater than 2x10° and zero-
bias responsivities above 140 mA/W (with considerably higher values measured near
the onset of avalanche breakdown). Optimized growth and doping parameters of the
epitaxial p-i-n structures and a sophisticated UV-APD array fabrication process were
applied to minimize both bulk and surface leakage currents.

While premature microplasma breakdown was frequently observed for UV-APDs
grown on GaN/sapphire templates, the GaN and Alo.0sGag.gsN UV-APDs grown on the
FS-GaN substrates demonstrated lower dark current densities and more consistent
avalanche breakdown. In addition, the avalanche gains of the Alo.osGao.gsN UV-APDs
grown on FS-GaN were over an order of magnitude higher than those for comparable
UV-APDs on GaN/sapphire.

Likewise, the GaN 4x4 UV-APD arrays showed relatively uniform and stable leakage
current distribution among UV-APDs, with dark/leakage current densities below
~6.5x107 A/cm?.  The significantly improved photoresponse observed for these
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devices at reverse biases greater than 90 V is indicative of the contributions of a
strong avalanche multiplication process. Furthermore, repeated reverse-bias I-V scans
showed no meaningful difference in the measured dark currents and breakdown
voltages, establishing consistent and reliable UV-APD device performance.

In summary, high quality MOCVD epitaxial growth and associated low dislocation
densities in the active layers of AlGaN UV-APDs grown on native free-standing GaN
substrates have enabled suppressed microplasma breakdown and low dark current
densities, resulting in comparatively high photocurrents and responsivities at solar-
blind wavelengths. The consequent improvements in GaN/AlGaN APD performance
and reliability are key towards the development and successful implementation of
robust, highly sensitive, larger format UV-APD focal plane arrays expected to play a
vital role in future advanced defense and commercial systems to address an array of
high resolution UV imaging applications.
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