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Abstract. We present a detailed design study for a novel solid-state
focal plane array of silicon avalanche photodiodes (APDs) using an
advanced silicon-on-sapphire substrate incorporating an antireflective
bilayer consisting of crystalline aluminum nitride (AIN) and amorphous,
non-stoichiometric, silicon rich, silicon nitride (a-SiNy.q33) between the
silicon and sapphire. The substrate supports electrical and optical integra-
tion of a nearly 100% quantum efficiency, silicon APD capable of operating
with wide dynamic range in dual linear or Geiger-mode, with a gallium
nitride (GaN) laser diode in each pixel. The APD device and epitaxially
grown GaN laser are fabricated within a crystallographically etched silicon
mesa. The high resolution 27 um emitter-detector pixel design enables
single photon sensitive, solid-state focal plane arrays (FPAs), with passive
and active imaging capability in a single FPA. The square 27 um emitter-
detector pixel achieves SNR > 10 in active detection mode for Lambert
surfaces at 20,000 m. © 2012 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.0E.51.6.063206]
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1 Introduction

There is a growing need in science, industry and medical
research for compact, large scale detector arrays capable
of imaging with high sensitivity in a passive and active detec-
tion mode with detectors providing their own source of short
pulse, laser illumination to the area in the scene that is
conjugated (using a camera lens for example) back to the
respective pixel, providing the laser light pulse. In this design
study paper, we demonstrate through detailed calculation
means that a novel, back-illuminated photonic device design
that optically and electrically integrates a nearly 100% quan-
tum efficiency silicon avalanche photodiode (APD), with a
vertical-cavity surface-emitting (VCSEL) gallium nitride
(GaN) laser diode in a single pixel will enable imaging
with high sensitivity [signal-to-noise ratio (SNR) > 10]
near room temperature at —30°C, in an active detection
mode for Lambert surfaces at ranges up to 20,000 m.

The novel emitter-detector pixel design supports a com-
pact, square 27 um side length silicon APD detector for
high resolution, large scale arrays, with each detector capable
of wide dynamic range operation in dual linear or Geiger-
mode for passive and active two-dimensional (2D) and
three-dimensional (3D) imaging. The advanced emitter-
detector pixel achieves nearly 100% APD detector quantum
efficiency at the laser emission wavelength of 4, = 370 nm,
enabled by a very high transmittance silicon-on-sapphire sub-
strate incorporating an antireflective bilayer of crystalline
aluminum nitride (AIN) and amorphous, non-stoichiometric,
silicon rich, silicon nitride (a-SiNy. 33) that provides optimal
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refractive index matching between the silicon and C or
R-plane sapphire.'™ The sapphire substrate is coated with a
A/4-MgF, back-side antireflective layer, to improve the opti-
cal power transmittance from air into the sapphire. The design
of the very high transmittance Si-(AIN/a-SiN ¢, )-sapphire
substrate with 1/4-MgF, back-side antireflective layer is opti-
mized here for peak transmittance into Si at the GaN-VCSEL
diode wavelength A, = 370 nm.®

The very high transmittance, back-illuminated Si-(AIN/
a-SiNy ¢, )-sapphire substrates with 1/4-MgF, back-side
antireflective layer, support fabrication of uniform, large
scale, high resolution and high sensitivity silicon APD-
FPAs designed to operate over a wide dynamic range in
dual linear and Geiger-mode with electrically and optically
integrated GaN laser diodes in each pixel. When (100) sili-
con is properly etched with tetramethyl ammonium hydro-
xide (TMAH) solution through a thermally grown oxide
mask, square based pyramidal frustum or mesa arrays result
with the four mesa sidewalls of the APD formed by (111)
silicon planes that intersect the (100) planes at a crystallo-
graphic angle, ¢, = 54.7°.” A second anisotropic etching
step through a different thermally grown or deposited oxide
mask, will yield an inverted pyramidal frustum cavity inside
the silicon mesa frustum. The GaN-VCSEL diode is grown
epitaxially inside the etched silicon pixel cavity. The APD is
fabricated in the remaining silicon mesa using conventional
silicon processing technology and is specially designed to
operate over a wide dynamic range in a dual-mode, operating
in a linear mode with or without internal gain for passive
imaging in daylight conditions and in single-photon sensitive
Geiger-mode for active or passive imaging under low light
level conditions.® A monolithic sapphire microlens beneath
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each pixel is optimized to effectively shape and relay the
laser beam to an object of interest while its secondary func-
tion is to concentrate reflected radiation from an object into
the detector active area and away from the silicon mesa side-
walls, thereby compensating the optical dead space between
pixels resulting from the mesa isolation etch. A low resis-
tance aluminum (Al) or copper (Cu) metal anode grid fills
the space between pixels and also inhibits direct optical
crosstalk between adjacent pixels. In addition to shaping
the GaN-VCSEL laser beam and focusing reflected radiation
from objects in a scene into the APD active area, the mono-
lithic sapphire microlens reduces indirect optical crosstalk
and attendant noise in the array due to multiple reflections
in the sapphire substrate of light emitted from the APD mul-
tiplication region, by reflecting the APD emitted light back
into the detector and reducing the probability of transmission
into neighboring pixels.® The 27 ym emitter-detector pixel
for high quantum efficiency and high resolution passive and
active imaging arrays is shown in Fig. 1, using very high
transmittance Si-(AIN/a-SiNj g, )-sapphire substrate with
A/4-MgF, back-side antireflective layer that is optimized
primarily for the active detection mode. The GaN-VCSEL
diode cavity is formed by AIN/GaN and SiO, /HfO, distrib-
uted Bragg reflector (DBR) mirrors, the latter fabricated on a
transparent indium tin oxide (ITO) electrical contact layer.

The 27 pm silicon mesa APD emitter-detector pixel with
GaN-VCSEL diode is shown in Fig. 2, comprising an ima-
ging focal plane array that illuminates the area in a scene
spatially conjugated back to the pixel by the camera lens.
The emitter-detector pixel is therefore capable of providing
efficient short pulse laser illumination at the pixel level, to
the area in a scene, spatially conjugated back to the pixel
providing the short pulse laser illumination. In a large 1024 X
1024 array of emitter-detector pixels of the type shown in
Fig. 1, it can be expected that non-uniformities in GaN-
VCSEL diode current-voltage (I-V) characteristics will exist,
resulting in variations in the optical power output of the
lasers from different pixels. If all the laser light sources in
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Fig. 2 Operation of FPA comprised of 27 um emitter-detector pixels
illuminating the area in a scene spatially conjugated back to the pixel
by the camera lens.

the FPA are made to emit in unison, emulating a flash
used to collect 2D intensity images at low light levels by con-
ventional cameras, the resulting non-uniform illumination of
areas in a scene can lead to distorted 2D intensity images that
might require correction in software. The primary purpose of
having a short pulse laser light source in each pixel however,
is not for brightening a scene under low light conditions for
collecting 2D intensity images, since the APD detectors are
already sufficiently sensitive for passive imaging at the low-
est natural illumination conditions.® The purpose rather of
having a short pulse laser light source in each pixel, is for
providing an optical pulse to measure the return time-of-
flight of the photons reflected from an object in the scene
conjugated to the pixel containing the light source, using
a range gating technique. The range from the focal plane
array to objects in a scene can be measured by delaying arm-
ing of the APD in Geiger-mode following an emitted optical
pulse from the pixel, by a time interval corresponding to
when the optical returns from a specific object distance
are expected to arrive, and disarming the APD after a
fixed gate-on time interval to set the range gate. A one-bit
resolution image is thereby created (digital “1” if an object
is present or digital “0” for no object present at the observed
distance within the range gate). Active imaging of this type
allows constructing a detailed range map for points in the
scene based on the collected range data for each point located
within the field of view of the imager, in effect creating a 3D
image or spatial range map for the field of view. For the
method of active 3D imaging described, variations in the
optical power output of light sources across the array are
less problematic than for collecting a 2D intensity image
for example, where information is contained in the relative
brightness of the light reflected from objects in the scene,
because the 3D image is constructed from statistical data that
simply seeks to identify whether an object is present or not
at a certain distance in the scene. If light emitters in certain
pixels are defective or very dim compared to the other light
emitters in the array, then such pixels will not be capable of
identifying or registering the presence of objects or areas on
an object at equally long ranges with the other normally
operating pixels, due to a reduced optical signal being
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reflected back on the APD detector, resulting in a loss of
spatial resolution and range information.

2 Advanced Silicon-on-Sapphire Substrate
Characteristics

The silicon-on-sapphire material system was originally
developed for integrated circuit applications however, it
also has many ideal attributes for use as a substrate, enabling
back-illuminated, solid-state, silicon detector arrays. Sap-
phire is an anisotropic, dielectric crystal of the negative
uniaxial type that is weakly birefringent (n,-n, = 0.008)
and possesses broadband optical transmittance ranging
from the deep ultraviolet (1, = 200 nm) to the midwave IR
(49 = 5500 nm). Sapphire is extremely resilient, supporting
thinning below 100 ym, which is an important requirement
for high resolution, back-illuminated detector arrays and can
be etched using inductively coupled plasma (ICP) to fabri-
cate light focusing microlenses for the emitter-detector
devices.’ Sapphire is chemically resistant to most liquid etch-
ants at room temperature and therefore functions as an ideal
etchstop material during liquid anisotropic etching with
TMAH solution to define the silicon mesa pixel arrays.
To enable high quantum efficiency, back-illuminated silicon
detector arrays, the refractive index mismatch between air,
sapphire and silicon has to be corrected however. The
wide bandgap semiconductor material aluminum nitride
(AIN), is closely lattice matched and refractive index
matched to both sapphire and silicon and offers the prospect
of enabling fabrication of high transmittance (100) silicon-
on-(AIN)-sapphire substrates for back-illuminated silicon
imagers.>!” The A/4-AIN antireflective layer improves the
back-illuminated optical transmittance from sapphire into
the device silicon. A 1/4-MgF, antireflective layer can be
deposited on the back surface of the thinned sapphire sub-
strate to improve optical transmittance from the ambient
into the sapphire. A further improvement on the Si-(AIN)-
sapphire substrate design can be achieved by incorporating
an antireflective bilayer between sapphire and silicon, con-
sisting of single crystal AIN and amorphous silicon nitride
(a-SiNy) having a composition of x < 1.33. An engineered,
non-stoichiometric, silicon rich, amorphous silicon nitride
(a-SiNy) layer with N:Si ratio x = 0.62, provides nearly
optimal refractive index matching in conjunction with the
single crystal AIN layer, between sapphire and silicon.
The absorption of the a-SiNj) ¢, antireflective layer for thick-
nesses below 50 nm can be considered negligible for UV
wavelengths of 1y, =250 nm and the layer can therefore
be modeled in calculations as a lossless dielectric.*!! Equa-
tion (1) expresses the impedance of a material as a function
of the real refractive index n(1) and the absorption coeffi-
cient a(4).

n(i) = Ho . (1)
\/ eo(n(2) - j3%)"

To calculate the optical power transmittance of TE and
TM waves into silicon for the back-illuminated (MgF,)-
sapphire-(AIN/a-SiN ¢,)-Si substrate optimized for emitter-
detector pixel arrays, the full wave transfer matrix Mgrack
for the material layers in the substrate has to be obtained.
This result needs to be put into a scattering matrix form
that yields the reflection coefficients for the incident
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waves which in turn allow the reflected and transmitted
optical power to be calculated.'> The matrix Mgpack for
air-(MgF,)-sapphire-(AIN/a-SiN ¢,)-Si results from multi-
plying together nine wave transfer matrices including four
for propagation through MgF,, sapphire, AIN, SiNy and
five matrices for the material interfaces as shown in Eq. (2).

A B
M, _stack = {C D] = MoMsM7McMsM 4 M3M>M, .

2

The matrices My, M5, M5, M; and My represent wave
transfer matrices at the air-MgF,, MgF,-sapphire,
sapphire-AIN, AIN-a-SiNg4, and a-SiNjg,-silicon inter-
faces while matrices M,, My, Mg, and Mg are propagation
matrices through MgF,, sapphire, AIN and a-SiN¢, layers
having thicknesses optimized to yield maximum transmit-
tance into the device silicon at the GaN-VCSEL diode wave-
length Ay, = 370 nm. All nine matrices are expressed in
terms of the complex impedances of the materials given
by Eq. (1). Using a Monte Carlo integration approach, it
is possible to calculate the back-illumintated optical trans-
mittance into the APD device silicon as a function of the
wavelength, for TE waves normally incident to the sapphire
substrate plane of the mesa APD pixel from Fig. 1, as shown
in Fig. 3.

The calculation in Fig. 3 shows that the AIN and silicon
rich a-SiNy ¢, antireflective bilayer provides refractive index
matching to enable high back-illuminated transmittance into
silicon. The AIN/a-SiN 4, antireflective bilayer of 48 /22 nm
thickness, respectively between sapphire and silicon and
70 nm thick MgF, antireflective layer between air and sap-
phire, has been tuned for maximum transmittance at the
GaN-VCSEL diode wavelength 4y = 370 nm.

Fabrication of the Si-(AIN/a-SiN¢,)-sapphire-(MgF,)
wafer substrates represents an ongoing development effort
and entails the epitaxial growth using molecular beam
epitaxy (MBE) or metal organic chemical vapor deposition
(MOCVD) of crystalline AIN either on C-plane or R-plane
sapphire with a resulting orientation of C-plane or A-plane
AIN, respectively. The amorphous, non-stoichiometric,
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Fig. 3 Optical power transmittance into silicon of a TE wave normally
incident from air to the back-illuminated substrate. Air-Si reference
plot (thin solid line), Air-MgF, (82 nm)-Sapphire-AIN(82 nm)-Si (dashed
line), Air-MgF,(70nm)-Sapphire-AIN/a-SiNg g2(48/22 nm)-Si  (thick
solid line) are shown.
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silicon rich silicon nitride (a-SiN 4, ) is deposited using low
pressure chemical vapor deposition (LPCVD) on the silicon
wafer, followed by wafer bonding of the AIN face of the sap-
phire to the a-SiN 4, face of the silicon wafer. Alternatively,
the a-SiN ¢, can be deposited via LPCVD directly on top of
the crystalline AIN layer grown by MBE or MOCVD on sap-
phire followed by wafer bonding of the a-SiN 4, face of the
(AIN/a-SiNg g, )-sapphire to the silicon wafer. The sapphire
substrate is subsequently thinned by lapping and polishing
using a high precision, linear lapping and polishing machine
developed for the task. The A/4-MgF, antireflective layer is
deposited on the back surface of the sapphire. The silicon
wafer is then lapped and polished to a proper device thick-
ness ranging from 5 to 100 ym.

3 Method of Si-APD/GaN-VCSEL Electrical and
Optical Integration

The emitter-detector pixel shown in Fig. 1, consists of a wide
dynamic range 27 ym mesa APD with GaN-VCSEL diode
epitaxially grown in the crystallographically etched central
cavity of the silicon mesa. The APDs share a common,
front-side anode contact and laser diodes share a common,
front-side cathode contact across an array. In each emitter-
detector pixel the silicon APD detector cathode terminal
is electrically connected with the GaN-VCSEL diode anode
terminal using a metallization layer that in turn becomes con-
nected to the pixel control circuit of a CMOS readout IC
using flip-chip bump-bonding. The electrical connection
in an emitter-detector pixel between the APD cathode and
GaN-VCSEL anode is enabled by the close matching
between the forward turn-on voltage of the GaN-VCSEL
diode (4 to 5 V) and the reverse silicon APD bias voltage
(overbias) above the reverse avalanche breakdown voltage
(4 to 5 V) in Geiger-mode. The electrical connection topol-
ogy allows pixels in the array to be controlled independently
or in unison by the electronic readout circuit in the focal
plane, as required by the imaging application. The emit-
ter-detector pixels are operated in an active mode by forward
biasing the GaN-VCSEL laser diodes while the APDs are
turned off. When optical returns from the scene must be
detected, the APDs are turned on while the laser diodes
are turned off. Operating the emitter-detector pixel by alter-
nately turning on and off the GaN laser and APD detector,
requires the common cathode terminal of the laser diodes and
common anode terminal of the APDs to be independently
accessible to the electronic control circuitry of the focal
plane array.

The Si-(AIN/a-SiNyg,)-sapphire material system sup-
ports electrical isolation between laser diode cathodes and
APD anodes. Figure 4 shows how AIN and a-SiNj¢, can
be used to provide a non-conducting antireflective bilayer
for the silicon APDs while n-type GaN, epitaxially grown
to the same height as the 48 nm thick AIN layer or 70 nm
thick antireflective bilayer, is used to fabricate the common
cathode terminal for the laser diodes in the array.

To fabricate the emitter-detector array most directly, a
crystalline 48 nm thick AIN layer is epitaxially grown by
MBE or MOCVD on a C or R-plane sapphire substrate, fol-
lowed by the deposition of a 22 nm thick a-SiNy ¢, layer on
the (100) silicon wafer by LPCVD. Before wafer bonding the
AIN face of sapphire to the a-SiNy¢, face of the silicon
wafer, the sapphire substrate is etched anisotropically
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Fig. 4 The n-GaN laser diode cathode is epitaxially grown on the
front-side DBR and sapphire substrate.

from the AIN side, using chlorine inductively coupled
plasma (ICP) through patterned photoresist, to provide
square depressions with 4 um side length and a depth of
1.58 um in the sapphire.” The photoresist is then removed
and silicon dioxide (SiO,) which is selective against AIN
and GaN growth on its surface, is blanket deposited by
low temperature CVD on the AIN face of the sapphire
wafer and etched from the bottom of the square depressions.
Selective epitaxial growth of the front-side DBR mirror for
the laser resonator cavity on the exposed sapphire substrate,
only within the 4 X 4 ym square depressions, can be per-
formed using MBE or MOCVD.'*> The MBE method
allows epitaxial deposition with the precision of almost sin-
gle atomic layers only on the exposed sapphire at the base of
the square depressions, with the deposited SiO, blocking
growth over the remainder of the wafer substrate.'® The
front-side DBR mirror consists of non-conducting, alternat-
ing A/4-AIN/GaN layers and has been described.!” After
growing the front-side DBR mirror, photoresist is patterned
for the dry etch removal of four diagonal sections and corner
squares of the AIN antireflective layer to grow the n-type
GaN that will form the cathode of the VCSEL diode.
The top most 48 nm thick GaN layer of the DBR is
doped n-type and serves as the cathode terminal of the
VCSEL diode. It has four branching arms as seen in
Fig. 4, that extend to larger pads located at the four corners
of the pixel, supporting a shared cathode terminal for all laser
diodes in the array, where metal vias shown as dashed cir-
cles, contact the laser diode GaN cathode pads at the pixel
corners. The a-SiN ¢, face of the silicon wafer can now be
bonded to the AIN face of the sapphire wafer containing the
fabricated front-side DBR and n-type GaN common cathode
for the GaN-VCSEL diodes in the array. The silicon is
thinned by lapping and polishing to a proper 6 ym device
thickness indicated in Fig. 1, followed by anisotropic etching
with TMAH to create the silicon mesa pixels with an inverted
central cavity. The silicon mesa with etched inverted cavity
can be thermally oxidized to passivate the silicon mesa
sidewalls, with the SiO, layer also ensuring that the GaN-
VCSEL structure will be grown selectively inside the cavity
of the pixel directly above the n-GaN cathode and front-side
AIN/GaN DBR mirror. The sloped sidewalls of the silicon
mesa cavity are expected to enhance the GaN-VCSEL per-
formance by supporting lateral epitaxial overgrowth (LEO)
to uniformly fill the inverted silicon mesa cavity, resulting in
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higher quality GaN/InGaN material from the LEO growth.'8
After the GaN-VCSEL device is grown in the silicon mesa
cavity, the APD can subsequently be fabricated in the silicon
mesa to complete the emitter-detector pixel. Figure 5 shows a
top view of the emitter-detector chip, indicating the place-
ment of indium bumps that define the electrical connectivity
scheme for the array.'

Variations on the above described fabrication approach
can exist, for example where the a-SiNj) ¢, layer is deposited
on the AIN by LPCVD to form the antireflective bilayer on
sapphire before fabricating the front-side DBR mirror and
n-GaN cathode. The silicon wafer is subsequently bonded
to the a-SiNg 4, face of the (AIN/a-SiNj ¢,)-sapphire wafer.

3.1 Gallium Nitride Vertical Cavity Surface
Emitting Laser Diode Design and Operating
Characteristics

Development of GaN-VCSEL diodes is an active topic of
research and only relatively recently, has successful opera-
tion of such devices been demonstrated using optical and
electrical carrier injection.’ Using optical pumping,
Zhou et al. demonstrated room temperature UV lasing at
Ao = 383 nm in a GaN-VCSEL structure having an active
region with 20 Inj43Gag o;N/GaN multiple quantum wells
(MQW), showing that it is indeed possible for GaN-VCSELs
to emit coherently at such short wavelengths.?' By increasing
the In mole fraction relative to Ga and using an active region
with 10 Ing,GaygN/GaN multiple quantum wells, Lu et al.
demonstrated lasing at the blue visible wavelength 4, =
462.8 nm for a current injection GaN-VCSEL diode at
77 Kelvin.”® The first room temperature, electrical injection
GaN-VCSEL diodes were developed by Higuchi et al. in
2008 and Omae et al. in 2009 at the Nichia company and
demonstrated continuous CW lasing at 1o = 414.4 nm and
Ap =420 nm, respectively using 2 InGaN/GaN multiple
quantum wells.*** The GaN-VCSEL device grown on
C-plane sapphire by Higuchi et al. achieved a continuous-
wave (CW) optical output power of 0.14 mW and operated
for 2 minutes. The GaN-VCSEL device grown on native
GaN substrate by Omae et al. resulted in a lower material
dislocation density, achieved a continuous CW optical output
power of 0.62 mW and operated for 10 minutes. In all of
the existing GaN-VCSEL design implementations from
Zhou et al., Lu et al.,, Higuchi et al., and Omae et al.,
p-GaN and n-GaN material was used directly for carrier

Optical Engineering

063206-5

confinement around the InGaN quantum wells rather than
the higher bandgap AlGaN material because it is difficult
to achieve a low resistivity p-GaN layer, and p-AlGaN is
even more resistive.”* Although higher bandgap AlGaN
material can better confine carriers to the quantum wells
to enhance the radiative recombination efficiency, its higher
resistivity can be problematic in a GaN-VCSEL diode which
has a smaller cross-sectional area generally, than an edge-
emitting laser diode (LD) device where it is common to
use AlGaN as an electron barrier or cladding layer.**?’

The AIN/AlGaN/GaN/InGaN material system is ideal for
fabricating lasers emitting UVA radiation spanning a wave-
length range from 320 nm to 400 nm and the silicon APD is
ideal for detecting such radiation. The wavelength range
from 350 nm < g <400 nm propagates especially well
through water and the atmosphere because light at these
wavelengths is not absorbed readily by most atmospheric
gases including Ozone (O3).

The current state of the art electrical injection GaN-
VCSEL diodes described above are not yet mature technol-
ogy and are therefore relatively limited in their maximum
optical output power as well as in longevity of operation. The
main purpose of this design study paper is to show how an
advanced optical and electrical integration scheme, enabled
by a novel, very high transmittance, back-illuminated
silicon-on-sapphire substrate can be used to integrate a rela-
tively simple, GaN-VCSEL structure with InGaN single
quantum well (SQW), similar but not identical to the suc-
cessful GaN-VCSEL structure of Higuchi et al.,>* with a sili-
con APD in a novel emitter-detector pixel and to calculate
the expected range sensitivity performance of the pixel in
an active imaging mode using the built in laser light source.
The emitter-detector pixel architecture can readily support
more advanced and elaborate GaN-VCSEL diode designs
with likely greater output powers than what we present
here, using for example not just one but multiple quantum
wells in optimized configurations, however, our purpose is
not to design the best possible GaN-VCSEL diode. The
purpose rather is to show that with a GaN-VCSEL design
similar although not identical to what has been already suc-
cessfully implemented by Japanese researchers, it should
already become possible to attain a high sensitivity in detec-
tion of objects in the active imaging mode using the laser
light source in the pixel.

The GaN-VCSEL diode design presented here is enabled
by the silicon-(AIN/a-SiN 4,)-sapphire-(MgF,) substrate
using crystallographically etched silicon mesa APD pixels
with inverted pyramidal cavities for laser diodes as shown
in Fig. 6. The GaN-VCSEL diode is designed to emit
light directly through the sapphire substrate using the micro-
lens beneath the emitter-detector pixel to shape and relay the
laser beam to the camera lens.

The laser diode emission wavelength is selected for 4y =
370 nm since this wavelength combines the ideal attributes
of being invisible to the human eye, propagating well
through ordinary glass, the earth’s atmosphere and also
through water.®*?’ The GaN-VCSEL diode design in Fig. 6
is based on a single quantum well (SQW) of Ing 5, Gag ogN
having thickness L, = 10 nm, and located at an antinode of
the 84 resonator cavity between the upper p-GaN anode and
lower n-GaN cathode. The composition of the InGaN quan-
tum well supports a lasing wavelength of 1y = 370 nm.
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Fig. 6 The GaN laser diode in each emitter-detector pixel has a single
quantum well (SQW) of Ing g,Gag ggN supporting a lasing wavelength
of 1o = 370 nm. The resonator cavity is formed using a 20-pair epi-
taxially grown, front-side, partially reflective DBR mirror allowing
light to be emitted through the sapphire substrate and collimated
by the microlens.

The In to Garatio can be determined from the bowing Eq. (3)
with constants given in Table 1.%

Ey(in,Gag_yN) = (X) Egqun) + (1 = X) Eygany — Bx(1=x).  (3)

Uncertainty still exists regarding the true value of the InN
bandgap, although it is believed to be close to 0.7 eV. The
bowing parameter B, in Eq. (3) depends on the epitaxial crys-
tal growth method as well as on the strain in the InGaN
material.

The design of the distributed Bragg reflector (DBR) mir-
rors forming the spherical-planar cavity of the GaN-VCSEL
diode has been described previously, where the front-side
AIN/GaN DBR has reflectance R; = 99.79% and the back-
side SiO,/HfO, DBR has reflectance R, = 99.99%.'” The
curvature of the spherical sapphire microlens is designed
and optimized for shaping and relaying the pixel laser
beam to the camera lens as well as for focusing optical
returns into the detector silicon. A nearly optimal design
of the spherical microlens is shown in Fig. 7. Although
the microlens is spherical, the radius offset parameter e,
can be adjusted as needed to shape the beam. By enlarging
e, the radius Ry, of the spherical microlens is reduced, how-
ever, the “bulge” in the microlens extending beyond the pla-
nar sapphire substrate having thickness dgappyrg = 50 um,
increases. The net effect of increasing e, is to increase the
curvature of the microlens. As a practical matter, it is not
trivial to fabricate a microlens requiring such precise geome-
try, and especially full arrays for 1-16 Megapixels. Sapphire

Table 1 Bowing equation parameter values at room temperature.

Parameter Value

In composition parameter: x 0.02
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Fig. 7 Geometry of the sapphire microlens intended for collimating
the laser beam and focusing optical returns.

microlenses that provide diffraction limited performance
have been fabricated however, using lithographically pat-
terned photoresist and ICP etching.” Such methods could
be adapted for fabricating the lenses in Fig. 7.

The laser beam that exits from the spherical-planar reso-
nator cavity through the AIN/GaN DBR, has to be shaped
and relayed first by the microlens and subsequently by
the camera lens toward the area on the scene conjugated
back to the pixel as shown in Fig. 2. The curvature of the
sapphire microlens is optimized by calculating the Gaussian
beam parameters consisting of the beam radius and width,
using the ABCD law given in Eq. (4)."”

In Eq. (4), the letters A, B, C and D represent the elements
from matrix M that describes an arbitrary paraxial system.
The parameter g; in Eq. (4) describes the beam radius
and width incident to the optical system, while parameter
¢, describes the beam after transmission through the system.
The parameter g is given by Eq. (5).

“

q>

(2) [ - r )
TI= R ~Taw(m)] -

Using Eq. (4) together with Eq. (5), it is possible to cal-
culate the TEM, Gaussian beam parameters from the laser
cavity to the illuminated scene. Figure 8 illustrates important
locations along the beam path through the paraxial system.
The numbered g-parameters in Fig. 8 provide the values of
the beam radius and waist at the different locations along the
path of propagation. Parameters ¢, and g, describe the beam
at the back and front-side boundaries, respectively of the
resonator cavity. Parameter g5 describes the beam at the
exit plane of the DBR while g, and g5 describe the beam
before and after the concave boundary (from beam’s per-
spective), of the microlens with MgF, antireflective layer.
Parameters g4 and ¢, describe the beam before and after
propagation through the camera lens while gg describes

Bowing parameter: B 1.01 eV the beam at the object distance in the imaged scene. Table 2

Indium bandgap: £ 0.77 eV provides the calculated beam radii and waist dimensions for
* =g(in) : the locations indicated in Fig. 8.

Gallium nitride bandgap: E ggan) 343 eV The results in Table 2 confirm that the unique emitter-

detector pixel architecture proposed here, using the
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Fig. 8 The radius of curvature and beam waist is known by calculat-
ing the g-parameters at the indicated locations.

silicon-on-sapphire material system with novel AIN/
a-SiNy ¢, antireflective bilayer, and epitaxially grown
GaN-VCSEL inside of an inverted, crystallographically
etched, silicon cavity, will be capable of relaying a laser
beam of appropriate size to an object in a scene. The effective
laser beam diameter at the object, located at a distance of
25,000 m from the camera is calculated to be 3.18 m.
The optimal beam diameter required to fully cover the
area in the scene conjugated back to the pixel would be
4.54 m as shown in Fig. 2. To achieve the results in Table 2,
only two design parameters were adjusted, namely, the
radius of curvature of the back-side of the resonator cavity
and the curvature of the spherical microlens. Assuming the
two fabrication challenges of proper back-side resonator
curvature and microlens curvature are resolved, it will be
possible to relay a laser spot of correct size from each emit-
ter-detector pixel to the area in a scene spatially conjugated
back to the pixel. It will be shown in Sec. 3.2 that despite a
reduction in the silicon mesa volume of each pixel needed to

Table 2 Laser beam parameters.

‘Beam TEMyo beam radius TEMy, beam

Parameter of curvature width, 2W(z)

g —(8.5x dcavity) = —4.18x10®m  697.2x10° m
92 ) 589.2x10° m
gs 3.79x10°%m 8022x 10 m
Qs 60.73x 107 m 27.0x10°%m
s -153.4%x 106 m 27.0x 106 m
QJs 0.209 m 37.22x 103 m
qs —289.87 m 37.22x10%m
s 2.47x10* m 3.18m

*Camera lens focal length F = 0.21 m and the distance of the object
in the scene DOBJECT = 25,000 m.
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accommodate the VCSEL diode, the APD detector will be
capable of operating with high quantum efficiency and
high sensitive-area-fill-factor.

The expected threshold current i, and optical output
power P, from the GaN-VCSEL diode design shown in
Fig. 6 with Inj,GajogN single quantum well, can be esti-
mated using a straightforward analysis and model for the
wurtzite quantum well with parabolic conduction bands
and non-parabolic valence bands for growth on a C-plane
substrate. The simplified analysis presented here is not
meant as a substitute for more rigorous engineering software
device simulation of the GaN-VCSEL device with the
Synopsis MEDICI tool for example that solves the carrier
transport equations from the full energy band model for
either polar C-plane or non-polar A-plane InGaN/GaN mate-
rial. The theory of wurtzite InGaN/GaN quantum well full
band models for polar (C-plane), non-polar (A and
M-plane) and semi-polar material can be used to perform
accurate simulations for GaN-VCSEL diode structures.’!°
Rigorous design simulation for an optimized GaN-VCSEL
diode device is beyond the scope of this paper, that seeks
only to verify whether the optical and electrical integration
scheme enabled by the high transmittance silicon-(AIN/
a-SiN ¢»)-sapphire-(MgF,) substrate, using the basic single
quantum well GaN-VCSEL device structure similar to the
first successful room temperature, current injection GaN-
VCSEL device reported by Higuchi et al.,>* can be expected
to provide sufficient levels of illumination to objects in a
scene to detect them with high sensitivity over long ranges.
The theory of InGaN/GaN wurtzite material and quantum
wells is discussed, followed by the method used here to sim-
plify the analysis of the single quantum well GaN-VCSEL
diode for estimating i, and P,,.

The theoretical model for wurtzite semiconductors
such as InGaN/GaN grown on C-plane sapphire, used for
calculating the full band structure of a quantum well within
the 6 X 6 multiband effective mass theory that takes into con-
sideration the biaxial strain is described.’>* The effective
mass Hamiltonian for the conduction band which is assumed
to be parabolic is given in Eq. (6).

k2

Z

7 -

2 \m, ms

N h2 k% 0
Hc(kt’kz):_ —+ +E6+Pce~ (6)

In Eq. (6), k; = —iV,, k, = —id/0z are wavevectors. The
quantity k, = (k2 4+ k2)%3 is the magnitude of the wavevec-
tor in the x-y plane of the quantum well, where z is the [0001]
growth direction along the C-axis. The quantity 7 is the
reduced Planck constant, m’, and m: are the transverse
and longitudinal effective masses for the electron, respec-
tively. The energy of the conduction band-edge without
strain denoted E? and hydrostatic energy shift P, from
Eq. (6), are given in Egs. (7) and (8), respectively.

EQ=E)+ A +M+E, (7)
P, = Ac €, + acz(gxx + gyy)- ®)
In Eq. (7), EY is the reference energy of a semiconductor
taken as zero, A; is the crystal field energy, A, is the

spin orbit energy, E, is the bandgap energy and P, is
the hydrostatic energy shift of the conduction band. In

June 2012/Vol. 51(6)
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Eq. (8), a., and a,, are the deformation potentials in the
conduction band, parallel and perpendicular to the C-axis,
respectively, and g; are strain tensor elements with
g;; = 0 for i # j. The latter assumption is valid for a strained
layer wurtzite crystal grown pseudomorphically in the [0001]
direction and also for a wurtzite layer having an external in-
plane biaxial stress T. The conduction band-edge with strain
E., will have a hydrostatic energy shift given in Eq. (9).

E.=E'+pP.. ©

In Eq. (9), E? is the conduction band-edge without strain
defined in Eq. (7) and P, is the hydrostatic energy shift
of the conduction band defined in Eq. (8). The effective
mass, block-diagonalized Hamiltonian matrix derived
using the k- p method, for the valence band of a bulk,
strained-layer, wurtzite semiconductor is given in Eq. (10)
for the bases 1>, [2>, [3>, [4>, |5>, |6>.7

H,(k, k)

F K, —iH,

K, G A—iH, 0

iH, A+iH, A
- F K iH,

0 K, G A+ iH,
—iH, A-iH, A
(10)

The 6x6 block-diagonalized Hamiltonian matrix

of Eq. (10), is comprised of a 3 x 3 upper matrix HY and
a 3x3 lower matrix H: with HY = (H%)* = (HL)' and
where * means complex conjugate while the apostrophe
(‘) signifies a transpose. The elements of the matrix in
Eq. (10) can be defined as shown in Eq. (11).

h2
F=A+A +-—(Ak} 4+ Axk}) + Dye,
Zmo

hZ
+ Dy (e +&yy) + 2mg (A3k2 + Ayk?) + Dse,,
+ D4(€xx + 8yy)
2

h
G = A] - A2 +2_n10(A1kg +A2kt2) +D1€ZZ

2

h
+ Dalen + ey) +5 — (Ask: + Auk?) + Die.
0

+ D4(€xx + ‘Syy)
h2
A= T (A2 4 Aok?) + Dy, + Dy(ey, + &yy)
0

n? h?
K, = 2mg (Ask?)  H,= 2mg (Agkk;)
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In Eq. (11), my is the mass of the electron, # is the reduced
Planck constant, A; — Ag are the valence effective mass
parameters for holes and D; — D, are the deformation
potentials for wurtzite semiconductors. The quantity A; is
the crystal field energy, A, is the spin orbit energy and A,
represents a spin-orbit interaction. The relationship between
stress 7 and strain ¢ for a hexagonal crystal such as InGaN/
GaN is given in Eq. (12).°

; Cy Cpp Cy3 .
- Cp Ci Ci3 0 -

7, €,

T” Ciz Ci3 Csi3 e‘y
z | — Cu 5 | £z

Tyz Evz

0 Cu
sz EZX
Txy Cin-Cuy Exy
7}

12)

In Eq. (12), C;; represent the stiffness constants, 7 represents
the stress tensor and & represents the strain tensor. For a
strained layer, wurtzite crystal grown pseudomorphically
in the [0001] direction, ¢ is a diagonal tensor as can be ver-
ified from Eq. (12), where the diagonal elements of ¢ are
given by Eq. (13).

(13)

In Eq. (13), a, and a,, are the lattice constants of the sub-
strate GaN and quantum well material layer Ing,GagogN,
respectively. The relation for ¢, in Eq. (13) is obtained
due to 7,, = 0. For a wurtzite layer under an external biaxial
stress T = 7,, = 7,,, € is also a diagonal tensor as can be
verified from Eq. (12), where diagonal elements of ¢ are
given by Eq. (14).

C2 -1
Exx = gyy = (Cll + C12 - 2i> T

Cis C%3 -1
==2—(C CpH—2——= T. 14
€z C33( 1n+tCn Can (14)

To calculate the valence band structures for the wurtzite
material, it is necessary to know the band structure param-
eters Ay —Ag, D — D4 and A; — Az that are generally
obtained from a first principle theoretical calculation using
for example, the self-consistent, full potential, linearized-
augmented, plane-wave method within the local density-
functional approximation to calculate the band-edge
dispersion curves.’! Using a cubic approximation, allows
the number of known band structure parameters to be
reduced to just five as shown in Eq. (15).

June 2012/Vol. 51(6)
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A] —A2 - —A3 - 2A4
A; +4A5 = V2Aq
D] —D2 - —D3 - 2D4
Az = A3. (15)
From Eq. (15), it is evident that knowing A, A,, As, Dy, D5,
A, A, is sufficient to calculate the valence band structure.
The upper 3 x 3 Hamiltonian HY and lower 3 X 3 Hamil-
tonian H. from Eq. (10) are measured with respect to the
reference energy EY = 0 eV and the valence band-edge ener-
gies are given by Eq. (16) taking strain into consideration.
E(l) = E?) + A1 + AZ + Dlgzz + D2(8xx + gyy) + D3£zz
+ D4(8xx + eyy)
A1 - AZ + D?JSZZ + D4(8xx + eyy)
2

Eg:Eg"" + Diée;

+ Dz(gxx + gyy)

+ \/|:Al _Az +D3€zz2+ D4(8xx+8yy):|2 +2A%
A, — Ay + Dse., + Dy(e,, + &,
Eg _ E(L) 4 1 2 38zz2 4(8 x 8}_\)) + Die..

+ D2 (gxx + 8)‘y)

\/|:Al - AZ + D3£zz + D4(8xx + E‘\'y)

2
5 } + 2A3.

(16)

In Eq. (16), the valence band-edge energies with strain
effects present are given as EY, E9 and EY. In Eq. (16),
my is the electron mass, # is the reduced Planck constant,
A, is the crystal field energy, A, is the spin orbit energy,
A; represents a spin-orbit interaction, reference energy
EY =0 eV, D, — D, are the deformation potentials for wurt-
zite semiconductors and ¢;; are strain tensor elements.

For a layer of Ing > Gay ogN comprising a single quantum
well between two thick GaN layers (p-GaN and n-GaN) as
shown in Fig. 6, the strain will be compressive due to the
lattice constant of Iny,GajyogN being greater than that of
GaN expressed as a,, > a; from Eq. (13). The bandgap
with strain is therefore determined according to Eq. (17).

Ec - E(l) = Eg + Pce - [D3€ZZ + D4(£xx + gyy) + Dlezz
+ Dy (e + £y)]. 17

In Eq. (17), E. is the conduction band-edge with strain
defined in Eq. (9) and E‘l) is the valence band-edge with strain
defined in Eq. (16). The wavefunction of the electron is given
according to Eq. (18).

eik,or,

TZTIk/ (Z) = qun(z)

In Eq. (18), k; is the transverse wavevector, r, is the two-
dimensional position vector, A is the area of the quantum
well in the x-y plane, ¢, is the envelope function of
the nth conduction band, # = 1 or | is the electron spin and

S.m). (18)
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S is the spherically symmetric Bloch wavefunction of the
crystal. The self-consistent band structure and wavefunctions
can be obtained by solving the Schroedinger equation with
the Poisson equation by iteration. The conduction subband
energies ES = ES(k, =0) can be obtained however, by
solving Eq. (19) which must be satisfied for the envelope
function.

Ho(k; = 0.k, = —id/02)¢h,(z) = Epu(2). (19)

In Eq. (19), H. is the effective mass Hamiltonian for the con-
duction band from Eq. (6), ¢, is the envelope function of the
nth conduction subband which is normalized according to
Eq. (20).

/ delpu () = 1 (20)

Solving Eq. (19) at k, = 0, and independent of the electron
spin, yields the rather well known Eq. (21) describing the
parabolic conduction band.

n2k2

—
2mp ,,

E;(k,) = Ez(k, = 0) +

2n

In Eq. (21), m.,, is the electron effective mass in the well
region parallel to the quantum well.

The wavefunction of the hole is given in Eq. (22) for
the upper Hamiltonian HY and in Eq. (23) for the lower
Hamiltonian H”.

W k) = < @ k) + 0 @ k)
+ g (2 k,)13)]. (22)
ik,or,
h(ak) =~ (g% (z: k) 14) + g (2 K,)15)
+ g (2:k,)|6)]- 23)

In Egs. (22) and (23), g,(f), are the envelope functions where
m represents the valence subband. The valence subband
energies for the upper Hamiltonian EY(k,) and for the
lower Hamiltonian EZL (k,) can be determined by solving
Egs. (24) and (25), respectively.

3 5 |
G =—i— . e
FZI |:Hij <kz = ldz) +5,1E2(Z)]gm (z; k)

= EY(k)g (z: k). 24)

= EL (kg (3 k). (25)

In Eq. (24),i =1, 2,3 and in Eq. (25), i = 4, 5, 6 where gg,?
represents envelope functions for the mth valence subbands
and E¥ represents the potential energy for the valence band
offset of the quantum well. In Eq. (24), EY(k,) represents

June 2012/Vol. 51(6)
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the valence subband energies corresponding to the upper
Hamiltonian HY and in Eq. (25), EL(k,) represents the
valence subband energies corresponding to the lower Hamil-
tonian H” for the valence band, described by the 6 X 6 block-
diagonalized Hamiltonian matrix given in Eq. (10). The
envelope functions gff,) for the mth valence subbands are
normalized according to Eq. (26).

3 6
> [kl =1 Y [ adatl k)P =1
i=1 i=4
(26)

Solving the effective mass equations for the valence subband
structure given in Eqgs. (24) and (25) can be accomplished
most directly using the finite difference method to yield
the non-parabolic valence subbands in the wurtzite material
grown on the C-plane.*® The above theoretical model for
wurtzite semiconductors such as InGaN/GaN grown on
C-plane sapphire, used for calculating the full band structure
of a quantum well within the 6 X 6 multiband effective mass
theory that takes into consideration the biaxial strain, can
also be used to take into consideration other effects in the
material. Refinements of the model include in addition to
the biaxial strain, considering the spontaneous (SP) and
strain induced piezoelectric (PZ) polarization fields along
the [0001] or C-axis direction which can be on the order
of megavolts/cm. The internal electrical fields due to SP
and PZ can be included in Eq. (19) for the conduction
band and in Egs. (24) and (25) for the valence band,
which are then solved self-consistently (SC).” The orienta-
tion of the wurtzite crystal, having either the A or M or off-
axis planes characterized by polar and azimuthal Euler
angles, can also be included in such a model.***> These
more elaborate models that include the internal electric fields
due to SP and PZ, and also consider the wurtzite crystal
orientation, build on the foundational model described,
and are included with software device simulation packages.

For the GaN-VCSEL diode structure having a single
Ing 0, GagogN quantum well grown pseudomorphically in
the [0001] direction on GaN material being analyzed here,
that is similar to the first room temperature, current injection
GaN-VCSEL of Higuchi et al.?*, it is appropriate to use the
model presented without SP and PZ fields, to estimate the
device threshold current i, and optical output power P,.
The SP and PZ fields can be disregarded because at high
carrier densities and lasing power, the built in polarization
fields have been shown to be screened effectively both in
theory and experiment.”’*® Using the above theoretical
model for wurtzite semiconductors such as InGaN/GaN
grown on C-plane sapphire, it is possible to construct
the one dimensional potential energy profile for the
IngpGagogN quantum well layer between GaN material,
showing the band-edge energies defined in Egs. (9) and
(16) for the conduction and valence bands, respectively.
The wurtzite Ing 1, Gag 9N layer of the quantum well is char-
acterized by a lattice constant a,, that is larger than the lattice
constant a; of the GaN substrate layer, thereby creating a
biaxial compressive strain on the Ing ¢, Gagy 93N according to
Eq. (13) where ¢,, = ¢, will be negative. A simplification
can be made however, to disregard strain in the material
layers due to Ing,GagogN containing a very low indium
mole fraction x = 0.02, thus assuming perfect lattice
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matching (a,, = a,) of the quantum well with GaN substrate.
Without strain present, Eq. (7) can be used to define the
conduction band-edge and Eq. (16) can be reformulated as
shown in Eq. (27) to define the valence band-edge energies.

E) =E)+ A+ 4,

A —A A — Ar\?
E§ = E) + = 2+\/( = 2) +243

A -4 A= Ay)\?
EY=E)+ 3 —\/( 3 +2A%. 27)

In Eq. (27), the valence band-edge energies are given by EY,
E9 and EY, where A is the crystal field energy, A, is the spin
orbit energy, Az represents a spin-orbit interaction and refer-
ence energy E0 = 0 eV. The strain effects are not present and
the earlier deformation potentials D, — D, in Eq. (16) which
are usually determined from experimental strain-resolved
exciton resonance peak data, are not needed here due to
the very close lattice matching between quantum well and
substrate.*

In bulk form, the Ing 4, Gag9gN quantum well layer has a
bandgap givenby Eq. (3) as E(j,gan) = 3.357 eV correspond-
ing to an optical wavelength 4, = 370 nm for band-to-band
transitions at or near room temperature. The potential energy
structure for the unstrained L, = 10 nm, Ing (,Gag ogN single
quantum well surrounded by GaN can be calculated using the
physical parameter constants givenin Table 3, by linearly inter-
polating the parameter values between GaN and InN for the
Ing 1, Gag 9gN quantum well layer.

Using the data shown in Table 3, the potential energy
structure of the unstrained Iny,GagogN single quantum
well layer of width L, = 10 nm, surrounded by p-GaN
and n-GaN is calculated in Fig. 9. Since the Ing(,GagogN
quantum well layer between GaN is considered to be
unstrained, the deformation potentials ay;, a., D; — Dy
and elastic stiffness constants C;3 and C;; from Table 3
are not needed to calculate in Egs. (7) and (27), the conduc-
tion and valence band-edge energies, respectively.

In Fig. 9 the band-edge energies are shown, calculated
according to Egs. (7) and (27) for an unstrained wurtzite
Ing 9, Gagy 9gN quantum well layer of width L, = 10 nm, sur-
rounded by GaN material. The constants in Table 3, given for
both InN and GaN were used for calculating band-edge ener-
gies by linear interpolation to reflect the Ing g, Gag 9gN mate-
rial. In Eq. (27), EY gives the band-edge energy E%y; shown
in Fig. 9, corresponding to the heavy hole (HH) or A-type
hole, EY gives EY}; corresponding to the light hole (LH)
or B-type hole and EY gives EX,; corresponding to the crystal
field split hole (CH) or C-type hole. The valence band offset
energy for a wurtzite InN/GaN heterojunction grown on
C-plane substrate has been reported from experiment to
be AE, =0.58 £0.08 eV at room temperature, forming
the type-I straddling configuration.* The band-edge discon-
tinuity ratio of 20% for the valence band and 80% for the
conduction band is suggested by the measurement of the
valence band offset energy by King et al., and is relatively
near in value to what others have proposed as well.*
The valence band offset energy measured for In/GaN was
used to calculate the expected valence band offset energy
AE, for the Ing,GajyogN quantum well on GaN shown in
Fig. 9, by interpolation according to Eq. (28)."
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3A, = 345 = Ay, 0.016% 0.00138 Elweami= — = = IAE | Eor’cay |-0.0030eV
Eoli—i ) | EScan) 3.456 eV
Conduction band :' :: EHH: AE, 0.0575 eV
effective masses : i o AE, 0.0155 eV
———'g = = = =Ly @GaN)
mZ/mq 0.20% 0.11% —_—____ Ecy’
L;=10nm z (direction of carrier confinement)
mb/mq 0.18% 0.11%
Valence band Fig. 9 Band-edge energies for the Ing g,Gag ggN single quantum well
effective masses layer between GaN.
mzZ,/m 1.10% 1.58% 0 _ 0 0
i/ Mo HH(In,Gagy_yN) — (X)EHH(InN) +(- x)EHH(GaN)
v4 31 40
mz,/mo 1.10 1.58 +Bx(1—x)
mZ_ ../ m 0.15% 1.10% 0 _ 0 0
spl/t/ 0 Ec(lnXGa(],x)N) - (X)EC(IHN) + (1 - X)Ec(GaN)
t 31 40
mp,/ Mo 1.65 2.06 —B.x(1—-x)
t 31 40
Min/ Mo 015 2.06 B=B,-B, B,=02B. (28)
Mt/ Mo 1.10% 1.59% .
Val band effect In Eq. (28), EOHH Inx Gal—xN) 15 the heavy hole band-edge
mz:g T)Zra?get:rsec ve shown in Fig. 9, expressed relative to the EHH GaN) band-
. » edge and thereby corresponding to the valence band offset
A —6.56 -9.09 energy AE, as a function of the indium mole fraction param-
Ay ~0.91%" _0.63" eter x. Thus in Eq. (28), for x =1, EHH(IMGEl1 SN) T
EY = AE, = 0.58 eV. The bowing parameter B, for
A 5.65%" 8.46 [Eq.( 15)] HH (InN) . gp Y
the valence band is set to 20% of the bandgap bowing param-
Ay -2.83% —4.23 [Eq. (15)] eter B = 1.01 eV, the latter given in Table 1. For a value
x = 0.02 corresponding to the Iny 1, Gaj ogN single quantum
As -3.18” —4.36" well in Fig. 9, EY = AE, = 0.0155 eV as noted
& HH (Inx Gal-xN) — - €V as note
As —4.86% —6.35 [Eq. (15)] in the figure. For the conduction band-edge, EO (Tnx Gal—xN) is
Deformation potentials (V) shown in Fig. 9 and can be expressed in terms of EC (1nN) and
E° which are calculated from Eq. (7) using data from
ap; (hydrostatic interband -9.20% —2.80% c(GaN) ,
hi (hy ) Table 3. The bowing parameter B, = B + B,. In Eq. (28),
a, (hydrostatic E.) —-4.60% —1.40% the positive sign occurs in front of B, while there is a nega-
D, _{70% {76 tive sign in front of B, for the EHH(IMGal ZaN) and
" w ¢ (Inx Gal—xN) expressions, respectively since the equations
D, 6.30 3.43 are related through the bandgap expression EnyGa—xN)s
D, 8.00 [Eq. (15)] 5.16 [Eq. (15)] the latter given in Eq. (3). The conduction band offset
AE, shown in Fig. 9 for the Inj,GajogN quantum well
D, —4.00 [Eq. (15)]  —2.58 [Eq. (15)] on GaN can be calculated most directly once the valence
_ 50
Elastic stiffness band offset AE%, = EHH(ImGaI_xN) has been calculated
constants (GPA) from Eq. (28), using Eq. (29).
Cis 100 94 AE. = EQ(GﬂN) - (Eg(lnovozGﬂoysN) +AE,). 29)
Css 392% 200* In Eq. (29), AE, is the conduction band offset energy,
EyGan) is the bandgap of GaN given in Table I,
Optical Engineering 063206-11 June 2012/Vol. 51(6)
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E§(1ny 1 GagesN) 18 the bandgap of the Ing,GagogN quantum
well calculated from Eq. (3), and AE, is the valence band
offset energy calculated from Eq. (28).

It becomes clear from the calculated band-edge energies
and offset potentials in Fig. 9, that the unstrained
Ing 0, Gag ogN single quantum well layer on GaN, is in fact
not really a quantum well due to the low indium mole frac-
tion (x = 0.02), resulting in a bandgap almost equal to GaN
and small values for AE, and AE.. In fact, only the first two
band-edge energies EV;; and EV in the valence band of
Ing 1,GayggN can be considered to be confined within the
potential barrier, while a nearly similar situation exists for
the conduction band-edge where AE. = 0.0575 eV as
indicated in Fig. 9. In the GaN-VCSEL device structure
in Fig. 9, there will therefore exist little to no carrier con-
finement in the Inj 3, GagogN quantum well at or near room
temperature.

To simplify the analysis of the GaN-VCSEL diode with
Ing 0, Gag ogN single quantum well, only a single TE-mode
transition in the quantum well will be evaluated namely,
between the conduction subband E°; ~ E? (Fig.9) designated
C1 and the heavy hole subband E(%Hl ~ E}y (Fig. 9) desig-
nated HHI1. The lowest band-edge transition energy
(EQ — EY;p) within the Ing;GagogN quantum well is the
A-line or C1-HH1 transition and represents the sum of the
bulk Ing g,GagogN bandgap E i, ,,Gay,n) [Calculated from
Eq. (3)], the C1 quantum confined energy EY, and the HH1
quantum confined energy EY;,. Since the C1 conduction sub-
band energy E?, will be very close to E? shown in Fig. 9, and
similarly the HH1 valence subband energy E%y;, will be very
close to EYy;, also shown in Fig. 9, the simplification is made,
where E% = E? for C1 and EVy, = E%y for HHI. Other
transitions include E® — E¥,; and EO — L%g{ that correspond
to transition energies of B-lines and C-lines, respectively.

To calculate the optical gain spectrum for the TE-mode
C1-HHI1 transition in the GaN-VCSEL diode quantum well,

the non-Markovian optical gain with many-body effects that
considers the valence band mixing is given in Eq. (30).**

so) = [1- (M2 2 ()

[ by R 00 = ST 6 )
0 ﬂLz
(30)

In Eq. (30), g(w) is the optical gain, 7 is the reduced
Planck constant, @ is the angular frequency, &, is the Boltz-
mann constant, T is the temperature in Kelvin, AF is the
separation between quasi-Fermi levels, g is the vacuum per-
meability, € is the permittivity, g is the electron charge and
my is the mass of an electron. The quantity L, is the thickness
of the Ing 5, Gay 9gN single quantum well, %, is the wavevec-
tor in the quantum well plane, |M,,,,|> represents the momen-
tum matrix element in the single quantum well, f¢ and f7,
represent the Fermi functions for the conduction band and
valence band states, respectively. The quantity L(k,, hw)
represents the line shape function with many-body effects
that has a non-Markovian or Gaussian shape.*’ The line
shape function can be Gaussian (non-Markovian) or
Lorentzian (Markovian), and can account for the Coulomb
interaction as well as carrier-carrier scattering either with
a constant or k-dependent intraband relaxation time. The
line shape function is not considered essential for estimating
the threshold current i; and optical output power P, of the
GaN-VCSEL diode from Fig. 6 with an Ing ¢, Gag ogN single
quantum well, the latter described in Fig. 9. A simpler model
for the optical gain spectrum for the TE-mode C1-HH1 tran-
sition in the quantum well is used, that assumes a zero
line width and disregards exciton effects due to Coulomb
interaction between the electrons and holes, as given in
Eq. (31).48%

g(hw) = CoY _|In 212 - My} _o _o)[fi(E: = hor = Efp) = fi(E, = ho — Egp)|piP H(ho — Eg1,)

hm
n,m
71'6]2
Co=—""+~
n,.ceymyw

I, = /_ " dz, (2)gm(2)

1 1 2 1 1 2
XM= —-—=ga(S|p,|X) + — S|p.|X —‘ — qa @™ (S| p,|X) + — S|p.|X
| | ’ Nk (S|l X) ﬁgz/% Py X) 5% (S|Pl X) \/zgsﬁ( |px|X)
1 . 1
— i = __,i®
a = 1 = e'\s
V2 P=
(S|p.lX) = mo | > (_0 B 1) E (1nGan) [(Eg(ncan) + A1 + 82)(Eyngan) + 24,) — 2A3]
! ho\ 2my \my (Egman) + A1 + A2) (Egncan) + 82) — A
1 1
n(E) = TulE,) =
' 1+ exp{[E?'(InGaN) + (mr/mé’)Ef - FC]/ka} ' 1+ exp{[EquH(InGaN) - (mr/m;lh>Et - Fb]/ka}
op _ My (L, ! - 31
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In Eq. (31), g(Aw) is the optical gain, # is the reduced Planck
constant, @ is the angular frequency, k, is the Boltzmann
constant, T is the temperature in Kelvin, ¢ is the electron
charge, n, is the refractive index of the GaN material, c is
the speed of light, ¢, is the permittivity in vacuum, and
my is the mass of an electron. The quantity /{” represents
the degree of overlap of the wave functions for the electrons
and holes in the quantum well and /" = §,,, for a sym-
metric, infinite quantum well, where the subscript m repre-
sents the valence subband and n represents the conduction
subband. The quantities ¢, and g,, represent the envelope
functions of the nth conduction subband and mth valence
subband, respectively. It will be assumed that |1 |> = 1, sig-
nifying a perfect overlapping of the wave functions in the C1
conduction subband having a band-edge energy E°, = E2,

and in the HH1 valence subband having a band-edge energy
E%; = EVy. The quantity |é - M,,,|* with subscripts n and
m, represents the momentum matrix element in the single
quantum well, and will be calculated here for the TE-
mode C1-HHI transition at the band-edges, thus ¢ = X or
y, n = C1 for the conduction subband, m = HH1 for the
valence subband, with k, = (k2 +42)*3 =0 and k, =0
as indicated.**** The terms a and j represent quantities
that are a part of the bases functions |1> —|6> for the
block-diagonalized Hamiltonian matrix from Eq. (10) and
are defined in Eq. (31).*° The parameter <S|p,|X> is also
defined where E jgav) is the bandgap energy of the
quantum well shown in Fig. 9, with parameters A, A,
and A; having linearly interpolated values based on the
data from Table 3. The quantities f§ and f}, represent the
Fermi functions for the conduction band and valence band
states, respectively where the subscript n = C1 represents
the conduction subband having band-edge energy
E% =E? and m = HHI represents the valence subband
having band-edge energy EY;, = E)y. The quantity
EO(I 2GaN) = = EY% = E? represents the band-edge energy of
the C1 conduct10n subband and E{ 1nGaN) = =Eby = E%
represents the band-edge energy of the HHI valence
subband, indicated in Fig. 9. The quantity E; is defined in
Eq. (31) as the difference between Aw and Ef where the
latter represents the C1-HH1 transition energy approximated
by EyinGan) = E(L)'(IpGaN - EYy InGan) = 3-357 €V shown in
Fig. 9. The quantities F,. and F, represent the quasi-Fermi
levels for the conduction and valence bands, respectively and
their separation AF = F.-F, gives an indication of the level
of injection of excess electrons and holes by the optical or
electrical means. The quantity p2° provides the 2D joint den-
sity of states in the quantum well structure, with thickness L,
and the quantity m, is the reduced effective mass with effec-
tive mass contributions from electrons m’, and heavy holes
mj,, in the direction perpendicular to the [0001] or C-axis, for
the CI-HHI1 transition being evaluated here. In reality,

valence band mixing will occur due to the non-parabolic
heavy hole (HH), light hole (LH) and split-off (CH)
bands, resulting in a density of states for the valence
bands that is non-step like as compared with the parabolic
conduction bands. With valence band mixing due to non-
parabolic bands, a more complicated expression for the den-
sity of states occurs than what is provided by p?P in Eq. (31),
however, valence band mixing effects will not be considered
in the present analysis.** In addition to the optical gain spec-
trum evaluated here for the TE-mode C1-HH1 transition,
other transitions can also occur, including the C1-LH1
and CI1-CHI transitions that contribute to the optical gain
of the TE-mode, however, these transitions are not as strong
as the C1-HH1 transition and are therefore not included
within the analysis.*

To calculate the optical gain spectrum according to
Eq. (31) for the TE-mode C1-HHI transition, the envelope
functions ¢, and g, must be calculated. It is possible to find
the three analytical solutions to the valence band eigenequa-
tion Eq. (24), by formulating as shown in Eq. (32).°

R 9 9
HYs(k)| 92 | =E| 9
93 g3
C
EHH—(SH'Sz)—?Z
1 iv3
ELHZ—5(51+S2) 7‘1‘—( 1= 52)
1 C, iV3
Ecy=— (51+S2)——2——( 81 —=5,)
2 3
1 1
:§C1 9C% I"ZE(C C2—3C0) 2761g

— [r_|_ (q3 + r2)0.5]0.33 SZ — [r _ (C] +r )0.5]0.33

S

Cy=—(FGA+2K,H? — H?G — K?)— FA* - FH?)
C,=FG+GA+F\—A>—K?-2H?
C,=—(F+G+2). (32)

In Eq. (32), the energy Eyy corresponds to the heavy hole
(HH) valence band, E;y corresponds to the light hole (LH)
valence band and Ecy corresponds to the split-off hole
(CH) valence band in the Ing,GayogN quantum well. To
obtain the Cy, C; and C,, parameter values used in calculating
Eun, Ery and Ecy, the parameters F, G, 4, K, H;, and A
defined in Eq. (11) are computed without strain, using the
data in Table 3, with linearly interpolated valence band param-
eters A; — Ag. After computing the three eigenvalues Eyy,
E;y and Ecy, the corresponding eigenfunctions or envelope

functions g,, can also be calculated according to Eq. (33).%

9 1 iH(G - E") + (A —iH,)K,
9 :ﬁ —iH,K,—(A—iH,)(F—E”)
93 (G-E")(F-E") - K}
= \/|th(G —-E")+K,(A- th)|2 + |iH,K, + (A —iH,)(F - E”)|2 +|(G-E")(F-E") - Ktz|2. (33)
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In Eq. (33) the valence band envelope functions g, g5 and g3
can be calculated where superscript v denotes HH, LH or CH
bands. Thus, for calculating the gain spectrum of the TE-mode
C1-HH1 transition according to Eq. (31), the envelope or
eigenfunctions ¢iH, ¢t and gi™ for the heavy hole band
are needed and Eyy from Eq. (32) should therefore be sub-
stituted for E” in Eq. (33). In Eq. (33), the parameters G, 4, K,
H,, and A defined in Eq. (11) are computed without strain,
using the data in Table 3, with linearly interpolated valence
band parameters A; — Ag.

The quasi-Fermi levels for the conduction band F,. and
valence band F, can be computed from Egs. (34) and (35),
respectively.*s

N,zh*L
Fc = E(L)-(InGaN) =+ (ka) In |:eXp (W) - 1:| (34)

P, nh’L
F, = E° k,T)1 LGt P | 35
v = Efpncay) T (kT) In [GXP< mthbT> } (35)

P—-N;=N-Nj}.
In Eq. (34), E(g(lnGaN) is the band-edge energy of the C1 con-
duction subband in the quantum well, &, is the Boltzmann
constant, T is the temperature in Kelvin, 7 is the reduced
Planck constant, m}, is the electron effective mass perpendi-
cular to the C-axis and N,, represents the electron density per
unit volume in the nth conduction subband, where n = C1
for calculation purposes here. In Eq. (35), E(IZIHanGaN) is the
band-edge energy of the HH1 valence subband in the quan-
tum well, m}, is the hole effective mass perpendicular to the
C-axis and P,, represents the hole density per unit volume in
the mth valence subband, where m = HH1 for calculation
purposes here. It is assumed that at high levels of carrier
injection P~ N, since P> N3 and N > N}, here Nj is
the ionized acceptor concentration and N3, is the ionized
donor concentration in the semiconductor. The expression
for the quasi-Fermi level F, in the valence band given by
Eq. (35), assumes that no valence band mixing occurs due
to non-parabolic valence bands, which is not exactly
true.*® It is possible to calculate the quasi-Fermi level F,
for the valence band, with mixing due to non-parabolic
bands by using a computed non-step like density of states
function for the valence band in the calculation of F,, how-
ever, such valence band mixing will not be considered
here. 334

The threshold current i, of the GaN-VCSEL diode can be
estimated from Eq. (36)."

a,+a, L.N 1
it:ASQW( P q) |:<q er'TTRP>:| ar:f(as+am)

eq

1 1
Ay =0 +(Xm2:27drln (RIRZ) A =0Qy,. (36)

In Eq. (36), i, represents the threshold current of the GaN-
VCSEL diode, Agqw is the cross sectional area of the
Ing 0, Gag gg N single quantum well, g is the charge of an elec-
tron, L, is the thickness of the well, Nrgp is the injected
carrier concentration needed to achieve transparency in the
semiconductor, x; represents the internal quantum efficiency,
and 7, is the radiative electron-hole recombination lifetime.
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The quantity a,, represents the absorption coefficient at ther-
mal equilibrium, «, is the total absorption loss coefficient
comprised of the reflection loss coefficient «,,, and the
loss coefficient due to scattering and free carrier absorption
ay. It is assumed here that @, = a,,. The quantities a,,; and
a,,, are reflection loss coefficients of the front-side and back-
side mirrors, respectively of the resonator. The confinement
factor I" represents the fraction of the optical energy within
the active region of the GaN-VCSEL diode. The quantity, d,
represents the length of the resonator cavity, R; is the reflec-
tance of the front-side AIN/GaN DBR mirror, and R, is the
reflectance of the back-side SiO,/HfO, DBR mirror.

The optical output power P, of the GaN-VCSEL diode
can be estimated from Eq. (37).!

ig—1i, 'l 1 1
P :h f—_— = = l — .
o Unen,; q Me a, A1 Zdr n(R])

37

In Eq. (37), P, is the optical output power of the GaN-
VCSEL diode, # is the Planck constant, v is the frequency
corresponding to the lasing wavelength Ay = 370 nm, ¢
represents the charge of an electron, i; is the injected
drive current, i, is the threshold current, #; is the internal
quantum efficiency and 7, is the external quantum efficiency
that is calculated based on the assumption that light is only
transmitted out through the front-side AIN/GaN DBR mirror
having a reflectance R;. The quantity a,,; is the reflection
loss coefficient of the front-side mirror, a, is the total absorp-
tion loss coefficient defined in Eq. (36) with d, being the
length of the resonator cavity.

Using Eqgs. (32)—(35) it becomes possible to calculate the
zero line width optical gain spectrum given by Eq. (31) for
the TE-mode C1-HH1 transition in the Ingy,GagogN single
quantum well of the GaN-VCSEL diode grown on wurtzite
C-plane material that will yield the value for the injected car-
rier concentration Ntgp, needed to achieve transparency in
the semiconductor. The transparency carrier concentration
Nrgrp, is used in Eq. (36) to estimate the threshold current
i; of the GaN-VCSEL diode. Subsequently, Eq. (37) can
be used to estimate the GaN-VCSEL diode optical output
power P, as a function of the drive current i,.

In Table 4, parameter values are provided for calculating
the estimated optical gain spectrum and optical output power
as a function of drive current for the TE-mode C1-HH1
transition in the Ingy,GayogN single quantum well of the
GaN-VCSEL diode grown on wurtzite C-plane material.

The data from Table 4, is used to calculate the zero line
width optical gain spectrum according to Eq. (31) in Fig. 10,
yielding the value of the injected carrier concentration Ntgp,
needed to achieve transparency in the semiconductor. The
transparency injected carrier concentration Ntrp listed in
Table 4 and shown in Fig. 10, can be used to compute
the estimated GaN-VCSEL threshold current i, according
to Eq. (36).

In Fig. 11, the estimated optical output power P, is shown
as a function of the drive current i, calculated using Eq. (37).
A laser diode drive current i; = 10.7 mA, corresponding
to N = 1.6 x 10" cm™ is sufficient to generate an optical
output power P, =4 mW for the GaN-VCSEL diode
with Ing 0, Gag 9N single quantum well on wurtzite C-plane
substrate, having the geometry and characteristics described
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Table 4 GaN-VCSEL diode parameters.

Parameter Value
Operating temperature T =243 K
Design wavelength Ao =370 nm
Active region single quantum well (SQW) composition INg02Gag ggN

Active region bandgap

Optical transition in SQW

Electron mass

Electron effective mass in SQW (transverse)

Heavy hole effective mass in SQW (transverse)

Quantum well thickness

Quantum well area

Resonator cavity length

Front-side AIN/GaN DBR mirror reflectance

Back-side SiO,/HfO, mirror reflectance

Absorption coefficient (GaN) at thermal equilibrium (hv = 3.4 eV, 293 K)
Confinement factor of the optical energy

Refractive index (GaN) at design wavelength 1o = 370 nm

Internal quantum efficiency (Ing g,GagegN)

Radiative electron-hole recombination lifetime (Ing g, Gag ggN) 300 K

Transparency carrier concentration

E gincan) = 3357 eV
C1-HH1 (TE-mode)

my = 9.109 x 10~3" kg
mt = 0.18mq kg

mi, = 1.66mqy kg

L, =10 nm

Asqw = 1.63x 107 cm?
d, =1.195x 104 cm
R, = 0.9979'7

R, = 0.9999"7

Aeq = 14.38x 10% cm~1%°

r=1
n, = 2.56'
ni = 0.351

7, =0.183x 1079 sec®

Nigp = 2.75x 10" cm~2

in Figs. 6 and 9 and Table 4. The estimated threshold current
i, = 1.85 mA and optical output power P, of the GaN-
VCSEL diode with Injy,GayogN single quantum well in
the emitter-detector pixel, matches closely the measured
threshold current and optical output power of the first
room temperature, electrical injection GaN-VCSEL diodes
developed by Higuchi et al. and Omae et al. on C-plane sap-
phire and on native GaN substrate, respectively.”**> The
GaN-VCSEL device of Higuchi et al. had a threshold current

100000 43 K
h N = 1.6x10'° cm-3
E 50000 —
=
g
° 0 .
t= ...h.
8 .~‘~
3 RN Nrge = 2.75x10'8 cm3
o
g -50000 ....~’~.~.
Egincan Eg.can R T
-100000 3.357 3.43 3.5

Photon energy [eV]

Fig. 10 Laser gain coefficient (solid curve) corresponds to a drive
current iy = 10.7 mA and output power P, = 4 mW.
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i; =7 mA with threshold voltage of 4.3 V and an optical
output power P, =0.14 mW with a drive current
iy = 12 mA. The GaN-VCSEL device of Omae et al. had
a threshold current i, = 8 mA with threshold voltage of
4.3 V and an optical output power P, = 0.62 mW with a
drive current i; = 24 mA. Development of GaN-VCSEL
diodes using more advanced designs with multiple quantum

T=243 K .
lthreshold

N w »

Laser output power [mW]

1.85 4.1 6.3 8.5

Laser drive current [mA]

10.7

Fig. 11 Laser optical output power as a function of the drive current.
Threshold current i; = 1.85 mA.
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wells and improved epitaxial growing methods that reduce
material defects, will likely lead to further improvement
in the optical output power from such devices, similar to
the edge-emitting laser diodes that first started being devel-
oped two decades ago and presently achieve optical output
powers of 50 to 100 mW or more.”®

If the readout integrated control circuit for the emitter-
detector FPA will be implemented in a TSMC 0.25 ym pro-
cess for example, then the drive transistor can be readily
sized to the appropriate width to source a current i; =
10.7 mA that will generate an optical output power
P, =4 mW while still allowing the pixel circuit to fit into
a 27 um square. It will be shown through further calculations
in Sec. 4 that the levels of optical power generated per pixel
by the VCSEL diodes will be sufficient to support active
detection mode with high sensitivity for the emitter-detector
based FPA.

3.2 Silicon Avalanche Photodiode Design

The design of the crystallographically etched, wide dynamic
range silicon mesa avalanche photodiode, capable of operat-
ing in dual linear and Geiger-mode has been described pre-
viously.>® It has been shown that the silicon mesa APD will
operate with high quantum efficiency and the array will
achieve 100% sensitive-area-fill-factor due to the antireflec-
tive layer between the sapphire and silicon and due to the
spherical sapphire microlens. In the conventional silicon
mesa APD, the microlens focuses optical rays under full
height of the silicon mesa and away from the mesa sidewalls
that have a reduced height as well as away from the optical
dead space between pixels where the silicon has been etched,
to enable low resistance anode contacts and direct pixel-to-
pixel optical crosstalk isolation. In the present emitter-
detector pixel design, the microlens curvature has been
optimized to relay the laser beam as well as focus optical
returns into the detector silicon. Accomodating the GaN-
VCSEL diode removes more silicon from each pixel, thereby
reducing the APD detector quantum efficiency. It is possible
to calculate the emitter-detector pixel quantum efficiency for
light at normal incidence to the back-illuminated sapphire
plane, using Monte Carlo integration. Figure 12, shows
the 3D model of the silicon mesa APD pixel of 6 ym height
with etched laser diode cavity and DBR trench. Light rays or

6
(111) 0 !
>
//
—_ DBR trench
£
=
(2]
%
ki
N
-50.07|
Sapphire
-61.207F microlens

. 0 13.5 27 013.827
Y-axis [um]

X-axis [um]

Fig. 12 Geometry of the 27 um silicon APD detector mesa with laser
diode cavity showing 3D ray tracing for light rays normally incident to
the sapphire plane.
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Fig. 13 Quantum efficiency of the emitter-detector pixel using
MgF5(82 nm)-Sapphire-AIN(82 nm)-Si (dashed line) and MgF,
(70 nm)-Sapphire-AIN/SiNg ¢2(48/22 nm)-Si  (thick solid line)
substrates.

k-vectors of TE waves are randomly generated and launched
at normal incidence to the sapphire wafer plane but not to the
curved surface of the microlens.

Using the Monte Carlo integration approach, it is possible
to calculate the average distance that an optical k-vector will
propagate in the silicon APD detector mesa as a function of
wavelength. If the k-vector encounters the front-side DBR, it
is considered lost. The distance travelled by the k-vector in
the silicon mesa is calculated from knowing the equations of
the bounding planes formed by the (111) and (100) crystal
planes on the exteriors and top of the pixel, respectively. In
Fig. 13, it is evident that although the quantum efficiency of
the APD detector pixel is sacrificed for longer wavelengths
by etching the laser diode cavity in the silicon, the quantum
efficiency is less adversely affected in the visible and ultra-
violet where the focal plane is in fact designed to operate.
At the laser design wavelength 4, = 370 nm, the detector
quantum efficiency is calculated to be 97% for very
high transmittance, back-illuminated Si-(AIN/a-SiNyg,)-
sapphire-(MgF,) wafer substrate introduced in Fig. 3. The
pronounced curvature of the optimal microlens for the emit-
ter-detector pixel is evident in the scale rendering in Fig. 12.

4 Sensitivity of the Active Emitter-Detector Pixel

The sensitivity of the emitter-detector pixel operating in an
active mode is calculated in this section for the ideal case
of perfectly diffuse reflection of the active laser signal from
an object with a Lambertian surface. It will be shown that
the emitter-detector pixel design presented here using very
high transmittance, back-illuminated Si-(AIN/a-SiNyg,)-
sapphire-(MgF,) wafer substrate is capable of operating
with high sensitivity in an active mode. The emitter-detector
pixel operates as a self-contained optical radar element con-
sisting of the emitter-detector device and its associated
control circuit shown in Fig. 14.

The emitter-detector pixels are controlled using the wave-
forms shown in Fig. 15, that may be applied either in unison
or sequentially to each pixel in an example 1024 X 1024 ele-
ment array with appropriate time delay between the pixels.

The sensitivity calculation yields a result that is identical
whether the pixel lasers in the focal plane are triggered in
unison and the optical returns are collected by arming all
APDs synchronously at the time of the expected returns,
or if the lasers and corresponding APDs of the pixels are
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Fig. 14 Emitter-detector pixel control circuit showing common elec-
trical connection between the laser diode anode and 27 um wide
dynamic range silicon mesa APD.

scanned sequentially for the entire 1024 x 1024 array. Trig-
gering all the laser diodes in unison and collecting the optical
returns using Geiger-mode for the APDs is beneficial for
rapidly measuring the range of objects in a scene. The poten-
tial drawback of triggering all laser diodes in the array simul-
taneously is the large expected level of heat dissipation,
especially at high frame rates. Triggering the lasers and
detecting their returns in sequential order is also possible and
far more economical in terms of power dissipation, although
it is also far slower since all 1024 x 1024 pixels must be
electronically scanned.

In the emitter-detector pixel, transistor M5 in Fig. 14 must
be sized to be capable of sourcing a large current required to
forward bias the GaN-VCSEL diode. The electrical connec-
tion of the GaN-VCSEL diode anode and silicon APD cath-
ode shown in Fig. 14, is enabled by close matching between
the forward turn-on voltage of the wide bandgap GaN-
VCSEL diode and the 4 to 5 V overbias voltage required
for Geiger-mode operation of the silicon APD.**** Proper
control of the APD common anode terminal and laser
diode common cathode terminal by the CMOS readout inte-
grated circuit (ROIC), determines if activation of p-channel
transistor M5 triggers the pixel laser diode to emit or alter-
natively, arms the silicon APD for detection. The electrical
architecture of the ROIC provides maximum flexibility for
FPA operation. If the common cathode terminal of the
laser diodes is set to Vo = 4-5 V thereby disabling the
laser diodes, the FPA can be used to detect optical signals

TIMING DIAGRAM AND CORRESPONDING RANGE DIAGRAM
| |
ARMLD LD PULSE Frame cycle = 300 us !

/L
| =200 ns | L |

/L
ARM ABD L
APD ARMING DELAY = 166.78 s I—‘

STORE VALUE

APD GATE-ON : DATA READOUT
TIME =200 ns :OFF CHIP ~ 130 pus

Range window
Dogyect= 25,000 m =30m

Fig. 15 Example timing diagram and corresponding range diagram
for the emitter-detector pixel and focal plane array operation in active
mode.
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in a passive mode over a wide dynamic range in linear or
Geiger-mode. For active mode operation, the ROIC architec-
ture supports triggering the lasers of the focal plane pixels
either in unison or in sequential order. To trigger the lasers,
the common cathode terminal is set to ground (0 V) and the
APDs are disabled by setting the common anode to
ground (0 V).

The timing example in Fig. 15 assumes that the range of
interest in a scene is located at a distance Dggjgcr =
25,000 m, and the depth or range window beyond the object
distance is 30 m. The scenario requires the gate-on time
interval of the Geiger-mode APD to be set to Tapp_ony =
200 ns corresponding to the maximum return time of flight
for photons covering the full return trip of the 30 m range
window. The time delay from triggering the VCSEL pulse
to arming the APD is set to Tarm_prray = 166.78 us
corresponding to the return time of flight for photons to
an object distance Dgpjgcr = 25,000 m. An optimal
duration of the laser pulse equals the gate-on time interval
of the Geiger-mode APD, Tip_on = Tapp_on = 200 ns.
This can be understood by visualizing how an object located
at different depths in the 30 m range window affects the
active laser signal returns collected by the APD. It can be
understood from Fig. 15, that when the reflecting Lambertian
surface is located exactly at the front of the range window at
Dogjectr = 25,000 m, the laser pulse reflection occurs dur-
ing the entire gate-on time interval (T5pp_on) Of the APD
since the duration of the laser pulse equals that of the
gate-on time interval, T1p_on = T app_on- If the peak power
of the laser is P, = 4 mW at adrive current i; = 10.7 mA as
seen in Fig. 11, then although the average power of the laser
is much lower due to a reduced on-state duty cycle, the effec-
tive CW laser power reflected by the Lambertian surface is
still 4 mW, since the APD is gated on coincident with laser
diode optical returns. If the Lambertian surface is located at
a distance midway inside the range window, at Dogjrer =
25,015 m, the laser pulse reflection occurs only during
half of the 200 ns gate-on interval of the APD, so the
effective CW power of the Lambertian source is reduced
in half from P, = 4 mW to P, =2 mW. The active signal
returns to the APD detector from the Lambertian surface
are therefore maximized as the surface advances from the
back (Dogjeer = 25,030 m) toward the front (Dogjgcr =
25,000 m) of the range window.

4.1 Signal-to-Noise Ratio of the Emitter-Detector
Pixel in Active Detection Mode

The sensitivity or signal-to-noise ratio (SNR) of the emitter-
detector pixel operating in an active mode is calculated here
for the ideal case of perfectly diffuse reflection of the active
laser signal from an object with a Lambertian surface. The
compact, 27 uym emitter-detector pixel for high resolution
passive and active imaging arrays consisting of a high quan-
tum efficiency silicon APD and GaN-VCSEL diode, can be
shown to be capable of operating with high sensitivity in an
active detection mode. The high quantum efficiency design
of the 27 ym mesa APD detector at the laser wavelength
Ao =370 nm, enabled by the very high transmittance
Si-(AIN/a-SiNg 6, )-sapphire  substrate with 1/4-MgF,
back-side antireflective layer, is the key element for maxi-
mizing the sensitivity of the photonic device. The previously
calculated value of the laser peak optical power output
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P,peax = 4 mW at a drive current of i; = 10.7 mA, can be
used in the calculation of sensitivity for the emitter-detector
pixel, fabricated on the novel substrate with AIN/a-SiN ¢,
antireflective bilayer.® The effective optical output power of
the GaN-VCSEL for calculating the signal-to-noise ratio will
be half of the peak output or P, sxg = 2 mW assuming the
object being actively imaged is located at a distance midway
inside the range window and therefore, laser pulse reflection
occurs only during half of the APD gate-on time interval
T app-on = 200 ns. Further losses in the laser diode optical
power will occur due to atmospheric absorption and scatter-
ing, however, such signal losses will not be considered,
although they could be readily included in the subsequent
mathematical analysis of the emitter-detector pixel signal-
to-noise ratio.

In active mode, the emitter-detector pixel signal-to-noise
ratio for the Geiger-mode mesa APD optical receiver from
Fig. 1 is calculated using the expression given in Eq. (38).

(ip(1))?
_|_

2 2"
Gi, T 0i,

SNRAPD—Gei germode-receiver — (3 8)

The average APD photocurrent <i,(7)> shown squared
in the numerator of Eq. (38), represents the signal. In the
denominator 67 is the photoelectron noise and o7, is the
dark current noise. The APD optical receiver operates in
digital Geiger-mode with direct photon-to-digital conversion
in the pixel, thus eliminating the electronic readout noise
contribution from the denominator of Eq. (38). The signal
<i,(t)>? in the numerator of Eq. (38) is calculated by assum-
ing that the surface area illuminated by each VCSEL diode is
a Lambertian source emitting into a full 2z sr hemisphere.
The power emitted into the hemisphere is given by
Lambert’s law in Eq. (39).%

O0=n/2
P, = / dP = BA / cos 0dQ = BAgporn.  (39)
AQ 0=0

In Eq. (39), B represents the radiance which is conserved
during propagation and Agpgr is the area of the laser spot
projected onto the Lambertian surface that in turn forms
the Lambertian source. Assuming the Lambertian source
is located on-axis with the camera lens and corresponding
detector, the power P, at the camera lens and pixel,
whose laser illuminated the area on the scene conjugated
back to the pixel, is given by Eq. (40).

Py = BAcamera-LENSS2sPOT- (40)

In Eq. (40) the solid angle Qgpqr is subtended by the area
Agpor of the Lambertian source at the camera lens, the latter
having an area Acamera-LeEns, and is given as Qgpor =
7(Ospor)* st where Ogpor = arctan((Dspor/2)/Dopyecr)-
In calculating Ogpor the diameter of the circular laser spot
projected onto the Lambertian surface is designated as
Dgpor and Dogjrer is the distance of the object in the
scene from the camera lens as shown in Fig. 2. The mean
APD detector photocurrent in the numerator of Eq. (38) is
calculated according to Eq. (41).

i, =nGqd. 41)
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In Eq. (41), the quantity 7 represents the APD detector
quantum efficiency and depends on the optical wavelength,
while G is the average internal avalanche gain of the APD,
q is the charge of a single electron, and ® represents the inci-
dent photon flux. The APD photocurrent variance 62 or
photocurrent noise is calculated according to Eq. (42) and
the dark current variance o, or dark current noise is calcu-
lated according to Eq. (43). The detailed derivations of the
expressions for the photocurrent noise and dark current noise
given in Eqgs. (42) and (43), respectively were performed in
Ref. 8.

612,, = 2T’7abs4q)qu(FG<G>2F/3<ﬂ>2 + Fy<}/>2
+ Fog(G)(B) (1) = T*ns *@*(G)(B) (7) (42)

o7, = 2®,¢*B(FGF,(G)*(n.)* + F,4(n,)*
+ Fog(G)(na) (1)) = ©2q*(n4) (n)(G). (43)

In Eq. (42), T represents the optical power transmittance
into the device, 7,,, represents the absorption efficiency of
light in the silicon, @ represents the incident photon flux,
q is the charge of a single electron and B is the bandwidth.
The quantities G, f and y are all random variables where G
describes the avalanche gain and parameters $ and y describe
the probability of a photogenerated electron being collected
in the active part of the device and multiplied or collected by
the guard diode and not multiplied, respectively. The sym-
bols Fg, F s Fyyand Fuy describe the excess noise factors
associated with G, 3, y, and fy, respectively. In Eq. (43), @,
describes the average number of thermally generated elec-
trons per second, g is the charge of an electron and B is
the bandwidth. The quantities G, 7,, 17, are random variables
where G describes the avalanche gain, while 7, describes the
probability of a thermally generated electron being collected
in the active region and therefore being multiplied in the
APD, and 7, describes the probability of a thermally gener-
ated electron being collected by the guard diode and there-
fore not being multiplied. The symbols Fg, F,, F,, and F,
describe the excess noise factors associated with G, n,, 1,
and n,n,, respectively. The parameters required to calculate
the signal-to-noise ratio according to Eq. (38), of the 27 ym
emitter-detector pixel of Fig. 1 illuminating a Lambertian
surface, are given in Table 5.

The signal-to-noise ratio of the emitter-detector pixel
operating in active mode is calculated as a function of object
distance using the parameters from Table 5 with values recal-
culated when applicable. In Fig. 16, the emitter-detector
pixel attains SNR =1 at an object distance Dggjrct &
27,500 m and frame rate of 3222 s~ !. Although this result
does not consider optical losses from atmospheric scattering
or absorption at non-ideal Lambertian surfaces, it provides a
good estimate of the expected device performance.

It is evident in Fig. 16 that the novel very high transmit-
tance,  back-illuminated  Si-(AIN/a-SiNj ¢, )-sapphire-
(MgF,) substrate with optimally tuned thickness of the
antireflective layers, allows nearly 100% of the incident
radiation at the laser wavelength 4, = 370 nm to be trans-
mitted into the APD device silicon, thereby yielding nearly
100% APD detector quantum efficiency at the laser wave-
length. In contrast to the Si-(AIN/a-SiNyg,)-sapphire,
the Si-(AIN)-sapphire substrate with 1/4-MgF, back-side
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Table 5 Sensitivity calculation parameters.

Parameter Value

Emitter-detector FPA temperature T =243 K

APD array size 1024 x 1024 pixels
APD pixel size a=27 um

APD mesa pixel height h=6um

Microlens Sapphire microlens
Camera lens focal length F=021m
Camera focal ratio f/#=27
ACAMERALENS 0.00477 m?
GaN-VCSEL diode effective power Posng =2 mW
Aspot (at Dogyect = 25,000 m) 7.938 m?

QSPOT (at DOBJECT = 25,000 m) 1.270 x 10_8 Sr

Minority carrier lifetime z,, in APD silicon 7, = 100 usec®
APD gate on time T app.on T app-on = 200 ns

APD integration time Tt Tt =1/2B

antireflective layer only transmits 57% of the incident
radiation into silicon at the laser wavelength. The quantum
efficiency of the 27 um emitter-detector pixel with etched
laser diode cavity has a reduced quantum efficiency for
the visible and near infrared wavelengths compared to a sili-
con mesa detector pixel without an etched cavity for the laser
diode.>® At the GaN-VCSEL diode wavelength of emission
however, the sapphire microlens helps to focus light into the
APD silicon and away from the crystallographically etched
laser diode cavity, thereby preserving high detector quantum
efficiency at the laser wavelength. The Si-(AIN/a-SiNj ¢, )-
sapphire-(MgF,) substrate enables nearly two times as much
light to be transmitted into the APD detector at the laser
wavelength 1y = 370 nm compared to Si-(AIN)-sapphire-
(MgF,), thereby improving the unity SNR threshold of
the 27 um emitter-detector pixel to a maximum possible
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Fig. 16 Active mode sensitivity of 27 um emitter-detector pixel using
MgF5(70 nm)-Sapphire-AIN/SiNg g2(48/22 nm)-Si substrate.
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range of 27,500 m. The improvement in the detection
range of the optical radar pixel photonic device can be
regarded as significant. High overall sensitivity is achieved
by the emitter-detector pixel with SNR = 10 at Dggjper &
20 km, SNR = 100 at Dggjgcr = 15 km and SNR = 1000
at Dogjeer & 10 km. An enhancement in the optical output
power of the GaN-VCSEL diode emitter, can lead to greater
range sensitivity for the active mode APD emitter-
detector pixel.

5 Application of the Active Emitter-Detector Pixel

It is possible to envision applications for the emitter-detector
pixel based APD focal plane array in science and industry,
however, the most intriguing possible use occurs in the med-
ical fields of AIDS and cancer research. The progress in
research on green fluorescent proteins (GFPs) has allowed
the human immunodeficiency virus (HIV) to be tagged
and made to fluoresce so it becomes visible/identifiable
using optical means.”> This can allow the development
of a compact, battery powered, and wearable medical device,
containing an emitter-detector pixel based APD-FPA of the
type described in this paper, that screens the cells in a
patient’s blood on a continuous basis, identifying the HIV
occupied cells from their fluorescence and destroying
them in real time with the built in coherent light sources
to prevent the cells from being exploited by HIV for replica-
tion, thereby actively aiding the immune system in fighting
the disease. Analogously to screening cells for HIV pre-
sence, the same medical device with emitter-detector FPA
can be optimized to identify misformed cancer cells using
image processing in software, and to neutralize them with
coherent laser light from the pixels. The compact, active
mode imager of this design study represents an enabling
technology for such an application because larger systems,
with lasers physically separate and not directly integrated
with highly sensitive APD detectors in the imaging focal
plane array would be too bulky and therefore not wearable
by a patient. In contrast, the novel solid-state emitter-detector
FPA architecture, enables a portable and wearable device to
screen the patient’s cells in the blood on a 24 hour basis, to
overcome the rapid replication rate of HIV with ensuing
destruction of the key T-helper or CD4 immune cells after
just one day on average, once HIV replication in a CD4
host cell has commenced.”® The healthy count of CD4
cells in blood ranges between 1000 and 1200/microliter
and the typical volume of blood in the human organism
is 2.8 to 3.8 liters. The total number of CD4 cells that
must be screened therefore will be approximately
4,560,000,000 cells given by the product of 1200 cells/ul X
3,800,000 ul. For a very high frame rate APD-FPA camera
such as the one presented here, it should be possible to screen
all of the cells in the blood in less than three hours.’*%
To add clarification, the active emitter-detector FPA ima-
ging device would have to be used in conjunction with med-
ication taken by a patient that affixes fluorescent proteins to
newly manufactured HIV virus in vivo, to make it recogniz-
able for the active emitter-detector FPA imager. Such med-
ication does not yet exist, but could likely be developed
using techniques similar to ones used to tag the HIV
virus ex vivo with GFP.>” This method, if realized success-
fully would not constitute a cure for AIDS, but could become
a lower cost treatment alternative to expensive antiretroviral
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drugs that can have many negative side effects and are used
currently to treat the disease.

6 Concluding Remarks

It has been shown through detailed calculation and analysis
means that a novel Si-(AIN/a-SiNg ¢, )-sapphire semicon-
ductor substrate with 1/4-MgF, back-side antireflective
layer enables the design of a 27 ym emitter-detector pixel
for high resolution passive and active imaging arrays, having
maximum sensitivity in the active detection mode for a given
laser emitter power output. Applications for such a dual
mode passive and active focal plane array imager are mani-
fold, in particular for the medical fields of cancer and AIDS
research. One might envision a biomedical role for the emit-
ter-detector FPA in a compact, active blood filtration system
where cells in the blood are optically screened by the sensor
during filtration, using conventional passive imaging to
determine if they are healthy or diseased. If the cell in the
image collected by the sensor is determined to be diseased,
the pixels in the FPA which are spatially conjugated to the
area in the scene bounding the diseased cell can be switched
electrically from a detecting mode, to emit UV laser radiation
directly at the corresponding spatially conjugated area where
the diseased cell exists to disable it. Scientific applications
for the high sensitivity emitter-detector FPA imager include
fiber based and free space optical communications, quantum
optics research and environmental remote sensing. Industrial
applications include compact optical radar for collision
avoidance systems in air and on the ground. The design
of the compact, high sensitivity emitter-detector pixel repre-
sents a novel and enabling photonic device technology with
many important potential applications for the medical, scien-
tific and industrial fields.
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