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ABSTRACT A multiple quantum barrier (MQB) avalanche photodiode (APD) structure based on
GaN/Al,Gaj_,N material system has been proposed in this paper which is capable of detecting infrared
(IR) signal up to 6.0 um wavelength. A self-consistent quantum drift-diffusion (SCQDD) model developed
by the authors, has been used to determine the current-voltage characteristics under dark and illuminated
conditions, spectral response, excess noise properties, signal-to-noise ratio, time and frequency responses.
Results show that the proposed MQB APD attains peak responsivity of 60 AW ™! at 3.0 um wavelength.
Incorporation of a dedicated thin n-type GaN layer for avalanche multiplication in between the p™-GaN
contact layer and MQB constant-field drift-layer ensures significantly low noise equivalent power under
normal operating conditions at room temperature (300 K). Optical pulse response of the device reveals that
special restriction over the charge multiplication able to supress the minor peaks of the current response and
consequently significantly narrow pulse response can be achieved. Narrow pulse response leads to broad
bandwidth of 274.5 GHz, which is significantly broader than the existing IR photo-detectors.

INDEX TERMS Avalanche photodiodes, multiple quantum barrier, self-consistent quantum drift-diffusion
model, infrared, heterojunction, responsivity, pulse response, bandwidth.

I. INTRODUCTION

Avalanche photodiodes (APDs) are most suitable optical
detector for the optical receivers in long-haul optical com-
munication systems [1]. The APDs are preferred as optical
signal detector over other photo-detectors in both free space
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and fibre-optic communication systems, except the appli-
cations in which the signal-to-noise ratio (SNR)-budget is
low. In those cases, low noise p-i-n detector, in combi-
nation with the trans-impedance amplifier are preferred.
However, high internal gain mechanism of APDs elimi-
nates the burden of trans-impedance amplifiers in case of
the applications where SNR-budget is not a major concern.
Moreover, high sensitivity and ultra-high speed of APD are
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the primary reasons behind the superiority of APDs over
other photo-detectors [2], [3], [4], [5], [6]. The APD-based
optical receivers can achieve high signal-to-noise ratio within
smallest noise equivalent power among all state-of-the-art
photo detectors [7]. APDs are most suitable for the detection
of very weak ultra-high speed optical signals. Moreover,
other than optical communication systems, APDs are also
used in various applications like bio-medical engineering,
scintillation detection of nuclear radiation, particle detection,
optical ranging, astronomical observations, material analy-
sis, military applications, etc. The Silicon (Si) based APDs
are most commonly used in various visible wavelength and
short-infrared wavelength (e.g., 850, 905, 940 nm) optical
signal detection and 850 nm fibre-optic communication due
to the lower cost and matured technology of Si [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17].

Dark current is the most important factor which determine
the sensitivity of the APDs. The Si APD of 3.0 mm diameter
produces minimum dark current of 10 nA at room tempera-
ture (300K), which can be further reduces to 0.1 nA at —40° C
with appropriate cryogenic cooling arrangements [18]. How-
ever, some important applications like deep space astronomi-
cal observations, composite material analysis, etc., demand
very weak signal detection capability (high responsivity
over broader range from ultra-violet (UV) spectrum to mid-
infrared spectrum). Modern day ultra-high speed, long-haul
optical communication systems require ultra-narrow impulse
response of the optical detectors. These requirements can
be fulfilled by ordinary Si APDs. Scaling of the device
dimensions in nano scale, the Si APDs (nano-APDs) can
fulfil the requirements associated with the ultra-high speed
signal detection; but due to the narrow bandgap of Si
(E, = 1.12 eV at 300 K) dark current of Si nano-APDs
rises extensively due to large amount of band-to-band tun-
nelling at room temperature. As a result of that its signal
to noise ratio (SNR) deteriorated and Si nano-APDs remain
no longer suitable for weak optical detection. In the year of
2017, Acharyya et al. proposed the use of multi-quantum
well (MQW) or multi-quantum barrier (MQB) structures in
pt-ivmop-nT structured APDs for supressing the dark cur-
rent below nA range, even if the dimensions of the device
are scaled down to nm range. They further developed the
self-consistent quantum drift-diffusion (SCQDD) model for
analysing the spectral response, excess noise properties, time
and frequency responses of MQW/MQB APDs. They have
shown that the MQB nano-APDs, based on Si~3C-SiC
material system, are most suitable for aforementioned appli-
cations demanding very low dark current, high responsivity
over broad wavelength range, ultra-high speed, and broad
bandwidth. The numerical simulation results are validated
by comparing those with the experimental data available in
literature [19].

In the present paper the authors have proposed a p*-
n—iMQB—n+ nano-APD structure, based on GaN/Al,Ga;_ N
material system in order to achieve lower dark current, higher
responsivity over broader wavelength range, better noise
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characteristics and better time and frequency responses as
compared to the earlier proposed MQB APDs based on
Si/3C-SiC heterojunctions. The device structure and possi-
ble fabrication steps are briefly discussed in this paper. The
effects spontaneous and piezoelectric polarization in GaN and
AlGaN layers have been incorporated in the earlier developed
SCQDD model, and the modified SCQDD model has been
used to study the spectral response, excess noise parameters,
time and frequency responses of the proposed APDs struc-
ture and the results are presented through appropriate graphs
and tables with detailed discussions. Finally, the simulation
results are validated by comparing those with the experimen-
tal data available in literature. A comparative study has been
presented at the end of the paper between the proposed device
and other commercially available photodetectors in order to
establish the superiority of the proposed device.

Il. DEVICE STRUCTURE AND FABRICATION

The cross-sectional structure diagram and top view of the
GaN/Alp3Gap7N/GaN MQB APD are shown in Figure 1 (a)
and (b). Here, the Al mole fraction x = 0.3 in Al,Ga;_ N
has been chosen. The important device dimensions are listed
in Table 1. The fabrication technology employed in cre-
ating the MQB APD structure depicted in Figure 1 (a)
plays a crucial role in attaining optimal device performance,
specifically enhancing spectral response and signal-to-noise
ratio (SNR). Notably, defects and dislocations introduced
during etching steps can elevate dark current and compro-
mise the SNR of the device. Therefore, careful consideration
must be given to the technology chosen for fabricating the
GaN/Alg3Gag7N/GaN MQB MQB APD. In this context,
two potential process technologies have been discussed,
hinging on (i) the molecular beam epitaxy (MBE) growth
technique and (ii) the metal-organic chemical vapor deposi-
tion (MOCVD) technique. Between these two options, the
latter—MOCVD-based device fabrication—proves superior
in achieving enhanced device performance, characterized
by lower dark current, and improved spectral response and
SNR [20].

A. METHOD - 1

The initial substance for growing the MQB APD structure
is a 400 um thick, 4-inch diameter single-polished n*-GaN
substrate. The n-type doping concentration of the nt-GaN
substrate is 2.0 x 10**m~3. The AlIGaN/GaN/AIGaN quan-
tum wells can be grown by using molecular beam epitaxy
(MBE) technique on the n™-GaN substrate along (0001)
direction. At first a very thin (around 10 nm thick) AIN
nucleation layer must be grown on the nt-GaN substrate
at around 800°C temperature. After that the substrate tem-
perature must be reduced to 720°C for growing a 500 nm
thick Alg 3Gag 7N buffer layer doped with n-type Si dopant of
dosage 2.0 x 10%°> m~3. This buffer layer reduces the growth
stress and also used for forming the cathode contact. Next, 9
— 10 cycles of Alyp3Gag 7N/GaN/Aly3Gag 7N quantum wells
are to be grown on the Alp 3Gag 7N buffer layer. The thickness
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TABLE 1. Dimensions of the structural parameters.

Parameter Description Value

Low Length of the Optical Window 300 um

Wow Width of the Optical Window 300 um

La Length of the Anode Layer 500 um

Wa Width of the Anode Layer 500 um

Lq Device Length 1000 pm

Wa Device Width 1000 pwm

Le Separation between Anode and Cathode 50 pm

Le Length of the Cathode Layer 200 pm
Aa=(LaWa— LowWow) Area of the Anode Layer 1.6x10* pm?
Ac= (WaLc) Area of the Cathode Layer 2.0x10° um?

A y x
v

Cathode

Growth Axis (0001)

L,

Ni (30nm)
| GaN___ (Som) |
Sn
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FIGURE 1. (a) Structure diagram of the GaN/Alj 3 Gay 7N/GaN Multiple Quantum Barrier avalanche photodiode for

infrared detection. (b) Top view of the device structure.

of GaN well and Alp 3Gag 7N barrier layers are 5 nm. Both the
Alp3Gag 7N and GaN layers are doped with n-type Si dopants
of dosage 10> m™3. Finally, a n-GaN layer of 20 nm thick-
ness is grown over the final Alp3Gag 7N barrier layer. The
n-GaN layer is kept comparatively highly doped as compared
to the Alp3Gag7N/GaN/Alg3Gag 7N cycles (doped with n-
type Si dopants of dosage 2.0 x 10?> m™3), in order to form
a high-low (hi-lo) density profile of the active layer of the
device. The hi-lo doping profile helps to constrict the charge
multiplication process within a narrow region and conse-
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quently reduces the effective avalanche zone under reverse
bias. Finally, the p™-GaN layer of thickness 300 nm must be
grown on the n-GaN layer in order to form the p™-n junction.
The p-type doping can be achieved by using Mg dopants and
doping concentration of the p™-GaN must be kept around
4.0 x 10** m=3. Therefore, pT-n-iygp-n* structured APD
gets its final form. After getting the final p™-n-iyop-n'
structure, Si0, hard masking, electron beam lithography and
Cl,-based inductively coupled plasma reactive ion etching
(ICP-RIE) with moderate etching rate can be used to etch
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around 415 nm GaN and AlGaN layers to get the diode mesa
structure as shown in Figure 1 (a). After another lithogra-
phy step followed by vacuum evaporation of Ni(30nm) and
Au(200nm) can be used to form the square shaped ring type
anode contact layer over the p*-GaN layer. The optical win-
dow size (see Figure 1 (b)) is Loy, X Woy,, = 300umx300 pm.
Finally, the third lithography step followed by the thermal
evaporation of Ti (30nm), Al (100nm), Ni (30nm) and Au
(150nm) can be used to form the cathode ohmic contact over
the n-Aly 3Gag 7N buffer layer.

B. METHOD - 2

In this approach, MQB APDs are grown on a 400nm
thick, 4-inch diameter single-polished n"-GaN substrate. The
high-temperature MOCVD system is employed to grow the
devices on the n*-GaN substrate along the (0001)-direction.
Trimethyl aluminium (TMAI), trimethyl gallium (TMGa),
and ammonia (NH3) serve as precursors for Al, Ga, and
N, respectively, with hydrogen (H») chosen as the carrier
gas. Si and Mg dopants are used for n- and p-doping of
the epi-layers, with silicane (SiH) and bis-cyclopentadienyl
magnesium (CpyMg) serving as the doping sources, respec-
tively. To enhance the quality of the active layers, an initial
very thin (~100nm) AIN nucleation layer is grown on the
nT-GaN substrate at 1300°C. Subsequently, the substrate
temperature is reduced to 1180°C, and a 500nm thick Si-
doped Alg 30Gag 70N-buffer layer (dosage: 2.0 x 10% m’S)
is grown on the AIN layer to alleviate growth stress. Fol-
lowing this, 9 — 10 cycles of Si-doped (dosage: 10*! m=3)
Alp 30Gag 70N/GaN/Aly 30Gag 70N quantum wells are grown
on the Alg30Gag.7oN-buffer layer. To achieve a hi-lo doping
profile of the active layer of the device, a Si-doped (dosage:
2.0x10?* m™3), 20nm thick n-GaN layer is grown on the final
Alp.30Gag 70N-barrier layer. The advantage of the hi-lo dop-
ing profile is previously mentioned in the method — 1. Finally,
the growth temperature is reduced to 1080°C, and the Mg-
doped (dosage: 4.0 x 10?* m—3), 300nm thick p*-GaN anode
contact layer is grown. Upon completion of the p*-n-ipgp-
nt structure growth, the entire structure undergoes ex-sifu
thermal annealing under N, environment at 900°C to activate
the Mg acceptors in the p™-GaN contact layer. Next, a SiO;
mask layer is applied to the wafers using plasma-enhanced
chemical vapor deposition. The device pattern is then trans-
ferred to the mask layer through standard photolithography
and reactive ion etching (RIE) processes. Subsequently, the
wafers undergo etching inside an inductive coupling plasma
etching system with a depth of approximately 415 nm, reveal-
ing the n-Alp 30Gag 70N-buffer layer, as illustrated in Figure 1
(a). Following the removal of the residual SiO, mask using
a buffered oxide etching solution, the wafers are subjected
to a 10% NaOH solution at 80°C for 10 minutes to passi-
vate the etching defects on the mesa sidewall. The next step
involves transferring the n-electrode (cathode) pattern to the
wafer via photolithography, followed by the deposition of a
Ti(30nm)/Al(100nm)/Ni(30nm)/Au(150nm) electrode using
e-beam and thermal evaporation. Subsequent to lift-off, the n-
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electrode undergoes rapid annealing at 600°C for 30 seconds
in N environment to establish Ohmic contact. Similarly,
the p-electrode (anode), composed of Ni(50nm)/Au(200nm),
is deposited on the mesa using the same processes. After
lift-off, the p-electrode undergoes annealing at 550°C for
5 minutes in N to form Ohmic contact. Finally, a SiO; passi-
vation layer is deposited on the wafers to passivate dangling
bonds, thereby reducing leakage current. The SiO; layer on
electrodes is subsequently removed by reactive ion etching
(RIE) for performance testing.

In this work, the characterizations of the device have not
been presented. Conducting a comprehensive material char-
acterization of the entire device structure is crucial to assess
the crystal quality of the fabricated structure. The estimation
of Al content and crystal quality of the epilayers can be
achieved through the utilization of a high-resolution X-ray
diffractometer (Brucker D8 DISCOVER). For an in-depth
investigation of the device cross-section, particularly the
multi-quantum well (MQW) region, a high-resolution scan-
ning transmission electron microscope (HR-STEM) should
be employed. The mesa and electrodes of the detectors can
be observed using an optical microscope (Nikon ECLIPSE
LV150NA). To measure the current-voltage (I-V) curves, the
PDA FS-Pro 380 semiconductor analyzer can be employed.
Detailed results of the full-structure device characterization
will be reported in a forthcoming presentation.

IlIl. MODELLING AND SIMULATION

The one-dimensional (1)-D) model of the p™-n-iyop-n*
structured MQB APD based on GaN/Alg3Gag 7N material
system is shown in Figure 2. Under reverse bias, the highly
doped pT-GaN layer injects electrons into the n-GaN layer.
The majority of charge multiplication phenomenon occurs
within the high-field n-GaN layer and consequently huge
number of electrons entered to the constant field (nearly
undoped) MQB drift region (see the simulated electric field
profile shown in Figure 2). Therefore, MQB drift-layer
does not take part in avalanche multiplication process. As a
result of that under optical illumination condition (i.e., when
time-varying photon flux density oM (1) of wavelength A
is incident on p™-GaN surface), the wavelengths associated
with GaN (E, ~ 3.4 eV at 300 K) are absorbed in pt-
and n-GaN regions and get the chance of being multiplied
through the avalanche multiplication at n-GaN layer. There-
fore, shorter wavelength (UV spectrum) gets the optical gain
from avalanche multiplication. However, the longer wave-
lengths are absorbed at MQB drift-layer due to the inter
sub-band transitions in the quantum wells. Several cycles of
quantum wells are responsible for obtaining the sufficiently
high optical gain at longer wavelengths (IR-spectrum).

A self-consistent quantum drift-diffusion (SCQDD) model
developed by the authors has been used to calculate the mul-
tiplied responsivity of the MQB APD structure under reverse
bias [19], [21]. The SCQDD model has been formulated
by coupling the classical drift diffusion (CLDD) equations
with the time-independent Schrodinger’s equations associ-
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FIGURE 2. One-dimensional model of the GaN/Alg 3Gay ;N MQB APD
and simulated electric field profile (blue lines) under reverse bias. The
electric field profile is fresented here for the reverse bias of 10.2 V under

the dark condition (<I> = 0); electric field penetration depths in p*- and
n*-layers are found to be 5p; = 5.46 nm and 3p = 0.68 nm respectively.

ated with electrons in conduction band and holes in valance
band [21]. The CLDD equations are as follows:
Poisson’s Equation:

d dv
Z\—e =q(ypp — yan +N), (1)
Steady-State Continuity Equations:
djlgtotal)
dz +4 (ZEE{AV,BBT,TAT} Gre — R,) > @

Current Density Equations:

Jr(mtal) —

q [)/rr,u'r =D, r(opt) ? 3)

d (y,r) ] +J(total)
where ¢ = 1.6 x 107! C is the unit electronic charge,
space-dependent parameters like r€ {p, n} are the hole and
electron concentrations, G,(g) are hole and electron genera-
tion rates due to avalanche multiplication (E = AV), band-
to-band tunneling (E = BBT) and trap-assisted tunneling
(E = TAT), R, are the Shockley-Hall-Read recombination
rates of holes and electrons, w, are the hole and electron
mobility, and D, are the diffusion constants associated with
holes and electrons. The space-dependent parameters y, are
the quantum-correction factors associated with holes and
electrons having the initial values of unity at the first itera-
tion [21]. The parameter N(z) is the space-dependent doping
profile of the p*-n-iyop-n" structured device [21]. The
space-dependent electric potential (V (z)), electron (n(z)) den-
sity, hole (p(z)) density, electron current density (/" (z))
and hole (J,E"”“” (z)) current density solutions for given
biasing and optical illumination conditions at each iteration
can be obtained by simultaneously solving the CLDD equa-
tions (1) — (3) by using finite difference method (FDM)
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subject to the following boundary conditions imposed at the
depletion layer edges, i.e. at the p™-n junction (z = 0) and at
imop-n" interface (z = hy, + h;):

Electric Field Boundary Conditions:

V(z=0)=0andV (z=hy, +h) = Vg, )

Current Density Boundary Conditions:

NJ (z=0)
2J’§t0tal) (Z — 0)
= 1-— (total) (total) (5)
Iy =0+, " (2= 0)

NJ (z = hn + hi)

- 2Jp(total) (Z — hn + hi) 1

Jlgtotal) (Z _ hn + hi) +Jr5mtal) (Z _ hn + hi) s
(6)

where the normalized current density is given by NJ =
Jlgtotal) —],Ymal) Jlgtotul) _"_J’Etolal) )

In group-III nitride semiconductor materials like wurtzite
GaN and its binary compound Al,Ga;.,N are characterized
by polarization properties. These materials are inherently
characterized by spontaneous polarization properties under
unstrained condition, which constitutes strain-independent
built-in electrostatic fields [22]. The spontaneous polarization
induced electric fields significantly influence the transport
and optical properties of the group-III nitride-based nanos-
tructures. On the other hand, both the wurtzite GaN and its
binary compound Al,Ga;.,N are forced to exhibit piezo-
electric polarization fields under strained condition [22].
In Al,Ga;_N/GaN/Al,Ga;..N MQB structure, the lattice
constants of GaN and Al,Ga;_.N are significantly different.
Thus, in presence of pseudomorphic growth, both the active
(GaN) and cladding (Al,Ga;.,N) layers will be strained and
constitute piezoelectric polarization fields [22]. The direction
of spontaneous polarization is same as the growth direc-
tion, i.e. along the (0001) axis. However, the piezoelectric
polarization may take any direction. In wurtzite nitrides, the
growth direction is always kept along polar (0001) axis;
consequently, a piezoelectric polarization is induced along
the growth axis due to the existence of non-accommodated
in-plane mismatches [23]. The sign of the piezoelectric
polarization depends on the type of the epitaxial strain, i.e.
either tensile or compressive. The polarization-induced elec-
tric field in the well (GaN) and barrier (Al,Ga;.»N) layers of
Al,Gaj_,N/GaN/Al,Ga;..N MQB structure are given by

anhy (P — P

=00 — 7
éw (hpew + hyep) ' @

s (B )
(thw + hweb)

where €, are the dielectric constants, and A, are the
thicknesses of the well and barrier layers, x € {sp, pz} are
the polarization type, i.e. spontaneous (sp) and piezoelectric

gY = ®)
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(pz) polarizations, and 1353(1)7 are the y-type polarization in
GaN-well and Al,Gaj.,N-barrier. It is noteworthy from the
equations (7) and (8) that if h,, = hp, then £ = £,
which is relevant with the MQB structure under consid-
eration (h, = hp = 5 nm). Therefore, in general, for an
arbitrary strained condition, the total polarization-induced
electric field is given by

£ _ 200

S _er{szhpz} bw* ©)

In case of the pseudomorphically  grown

Al,Ga;_N/GaN/Al,Ga|..N MQB structure on GaN sub-
strate, in which h,, = hy, the following relation will be
maintained

=(x) - _ 200 10
er{m,pz} S er{sp,pz} 5 (10)

Thus, the position-dependent total transverse polarization
(P;) in equation (1) can be determined from the relation
P, = e§,,, where € position-dependent dielectric constant.
The spontaneous and piezoelectric polarization components
in Al;Ga«N cladding layers can be obtained from [23]

PP = xP{h) + (1 — x) Py (11)
Ci3

PP =25, ’631 - (—) e33] , (12)
C33

where x is the Al mole fraction in Al,GajN, Sy, =
(aGaN — aAleaLxN) /aAl,\-Gal.xN is the strain of x-yplane, e31,
e33 are the piezoelectric constants, C13, C33 are the elas-
tic constants, agay and as; Gq, N are the lattice constants
of GaN and Al,Ga;.N respectively. The model of Fioren-
tini et al. [22] has been taken into account in the present
simulation method with 40% of the polarization charges
compensated by defects and interface charges. Other material
parameters related to the polarization in wurtzite group-III
nitrides (GaN and Al,Ga;_,N) are taken from the [23].

After obtaining the solutions of CLDD equations under a
particular iteration, 1-D time-independent Schrédinger equa-
tions associated with conduction and valance bands are
solved in order to take into account the bound-states in the
quantum wells. The Schrodinger equations corresponding to
the valance and conduction bands are given by

d. { i dy? .
( v z)+Ev,cllfrZ"=ErZr¢rZ’, (13)

7 2m*  dz

where A = h/2m is the normalized Planck’s constant (h
=6.62 x 10731 J s), my are the space-dependent effective
mass of holes in valance band and electrons in conduction
band, ¥;” and E?" are the wave-function and eigen-energy
state solutions associated with the valance and conduction
bands respectively, Z, are the number of modes (typically
Z, = 5 — 10). The lowest energy state of the conduction
band and highest energy state of the valance band in MQB
structure can be obtained from

1 Nc
Ec=—qV + - 1E; +kgTln{ — )  , (14)
2 Ny

VOLUME 12, 2024

Ey = Ec — E,, (15)

where T represents the temperature in Kelvin (K), kp =
1.38 x 10723 J K~! is the Boltzmann constant, Vis the
space-dependent electric potential obtained as one of the
solutions of CLDD equations, E, is the space-dependent
bandgap and N¢ v are the effective density-of-states in con-
duction and valance bands respectively. Now, the quantum
hole and electron densities can be calculated from’

2
=% (N,Z’ ) , (16)

where N,.Z’ are the sub-band hole and electron densities in
valance and conduction bands of the MQBs respectively.
These are determined from the knowledge of the 2-D density-
of-states functions and Fermi-Dirac distribution functions
associated with the hole and electron densities in valance and
conduction bands of the MQBs respectively [21]. Finally, the
space-dependent quantum-correction factors corresponding
to the hole and electron densities are determined from

r( unt) .
no={=) wowen | (17)
=1 Otherwise

Z
Wrr

Through the space-dependent parameter y,, the quantum-
corrections are introduced in the hole (p) and electron (n)
densities of the CLDD equations (1) — (3) from the next iter-
ation (iteration number > 2). At the end of each iteration, the
inter-iteration deviation of V, n, p, J,(,mml) (z) and J,Emml) (2)
are individually calculated [21]. The self-consistent solutions
are assumed to be achieved, when all the inter-iteration devi-
ations are found to be less than the order of 1073 [21].
The self-consistent current density for given reverse bias and
optical illumination condition can be determined from

=hp~+hi+h,+
toay _ 1 [* " Gotal) | (total)
Tsoy =4 {Jn(SC> +ps0) }dz’ (18)

H =—hy+
where H = hy+ + h, + hi + h,+ is the effective thickness of
the device.
The multiplied responsivity of the MQB APD for a given
reverse bias voltage Vg and for incident optical power P, of
wavelength A is given by

Aj ota ota
= () ez, o

where A; = L,W, is the cross-sectional area of the pT-
n junction [21]. The term J ((g’ct‘;l) (A) is the self-consistent
solution of the total terminal current (photocurrent plus dark
current) for the bias voltage of V and incident optical power
of P,y of wavelength A. The details of the algorithm for solv-
ing the SCQDD equations subject to appropriate boundary
conditions and the method of calculating the self-consistent
solution of total terminal current J ((éoct?l) (l) for a given set of
VR, Popr and A is already reported elsewhere [19], [21]. The
self-consistent dark current associated with the device for the
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reverse bias voltage of Vg can be obtained from (for incident
optical power P,y = 0)

(dark) __ (total)
Iisey’ =4 Jisey (A)

, 20
P opt=0 ( )
and therefore, the total photo current for the same amount of
reverse bias voltage (Vg) and for the incident optical power
of P,y of wavelength A is given by

(op1) (total) (dark)
I(sog) (A) = {Aj] (soc(; (A) - I(SZ; } (21)

In the proposed MQB APD structure the light energy is illu-
minated on the p*-GaN surface through an optical window
of area A,,= L,y W,,. Here, only the photo-generated elec-
trons in the p™-GaN layer injected to the n-GaN avalanche
multiplication region and finally drifted through the multiple
quantum wells before reaching the positively biased cathode.
Since the charge multiplications only occur in n-GaN and
MQB regions, electron current gets enough avalanche mul-
tiplication gain. On the other hand, photo-generated holes in
the p™-GaN region immediately reach the negatively biased
anode and do not get opportunity to be multiplied. There-
fore, the photo current in the proposed MQB APD is clearly
electron dominated. The random nature of the electron mul-
tiplication process causes significant number of unwanted
fluctuations in the total photo current; these unwanted fluctu-
ations are known as avalanche noise. The noise performance
of an APD is quantified by a parameter named excess noise
factor (ENF). The ENF of the proposed MQB APD based on
GalN/Alp 3Gag 7N hetero-structures can be expressed as [24]

(1= ) 0=k
2+P(+Ky)

(57 [ (75)+ (755)) )
x 12 —2—) |k, +(—)|-Pr!,
14K, P 1-K, 14+P

(22)

F=1+

where (M) is the multiplication gain associated with the
electron-initiated multiplication process and the expression
of (M) is given by

{ 1+P)"1-K) }

M =
W) 1+ KP)"t1 — K, (1 + p)"t!

(23)

where m is the number of QB plus QW stages. The electron
and hole ionization probabilities (P and Q respectively) per
stage are given by

z=hp+hy,
P,Q= [exp ( / i@ (2) dz) - 1} N C2)
Z

where g,%QB)

and holes in MQB structure. The ratio g,f can be
calculated as function of electric field (§) by using the method
prescribed by Chin et al. [25]. The ratio of electron ionization

are respectively the ionization rate of electrons
MQB) / 5_(MQB)
P
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probability and hole ionization probability per stage of the
MQWs denoted by K; in equations (4) and (5) is given by

K, = (%) . 25)

After obtaining the spectral response and noise perfor-
mance of the proposed MQB APD structure, finally the time
and frequency response of that structure must be investigated.
In order to obtain the time response a unit rectangular pulse
having form

Prect () ZM(I)—M(Z‘—AP[), (26)

where A is the duration of the pulse and u(z) is the Heaviside
step function (i.e, u(r) = 1 for ¢+ > 0 and u(t) = 0 for ¢ <
0), is assumed to incident on the p*-GaN surface through the
optical window of area A,,,= Ly, Wo,,. The unmultiplied time
varying photo-generated electron and hole currents having
both drift and diffusion components are calculated by con-
sidering the time dependent incident photon flux density of
wavelength 4

A 2
cI)((OP)Z) (t) = (b(() )prect (t) ’ (27)
where CDSA) is the amplitude of the incident optical flux
density pulse, i.e.
Py (1 =R (L)) A
o)) = o (L ZR@A)AL (28)
Aopwhc

where ¢ = 3.0 x 108 m s~! is the velocity of light in vacuum,
R(A) is the reflectance of GaN surface [26], which is given

by
n(GaN) (1) — n@in) (1) 2
R (l) = {n(GaN) (l) + plair) (l) ’ (29)

where n(G4V) (A) and n(@ir) (4) are the refractive indexes of
GaN surface [26] and air at the wavelength of A. Finally,
the time-varying drift-diffusion equations such as Poisson’s
equation, carrier continuity equations and current density
equations are simultaneously solved subject to appropri-
ate time-varying boundary conditions at the depletion layer
edges, in order to obtain the time and space dependent

multiplied electron and hole photocurrents (J,S/l) (x, 1)) and
Jp(/l) (x, t)). From knowledge of the device dimensions as
well as electron and hole photocurrent solutions, the current
response associated with the incident optical pulse can be

determined. It is given by [27]

. x=hp~+hith, +
o) (;):(%)/ {Jn(“ o 0+ (o, t)}dx.

=—h+

(30)

Fourier transform of (%) (1) provides the frequency domain
current response of the device, which is given by

r=+00
LN :/ 1P (1) exp (—j2rft) dt. (31)
=—00
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Appropriate fast-Fourier transform (FFT) algorithm with
sampling frequency f; >10/A, must be used to obtain

1) ().

IV. CURRENT-VOLTAGE CHARACTERISTICS AND
SPECTRAL RESPONSE
The proposed simulation methodology based on SCQDD
model has been initially verified by comparing the simulation
results of an AlIGaN/GaN multi-quantum well MQW) APD
with the experimentally measured data of Zheng et al. [28].
Here, the simulations have been carried out on the MQW
APD structure fabricated and tested by Zheng et al. [28] in
the year 2016, under the dark and same optical illumination
conditions, i.e. for P,y = 0 and for incident optical power
of Pypy = 250 pW from an UV light source of 350 nm
wavelength respectively. Figure 3 (a) shows the current-
voltage (I-V) characteristics of the MQW APD obtained
from both simulation (present work) and experimental mea-
surements (reported in [28]). The Figures 3 (b) and (c)
show the simulated variations of the dark current (/;) and
photo-current (/) with the applied reverse bias (Vg) ranging
from 0 to 40 V and from 40 to 80 V respectively; those
figures also illustrate the amount of deviation in the simu-
lated values of I; and I, with respect to the corresponding
experimentally measured values at each data point. It can be
observed from Figures 3 (a) — (c) that the simulation results
are very close in agreement with the experimental data of
Zheng et al. [28] and therefore, it validates the proposed
simulation model for the further simulation study of the pro-
posed Aly3Gag7N/GaN/Aly3Gag7N MQB APD structure.
The I-V characteristics of the Alg3Gag7N/GaN/Aly 3Gag 7N
MQB APD have now been obtained from the numerical
simulations. The IV characteristics of the APD have been
obtained under dark condition (P, = 0) and for different
incident optical power (P,p; = 10, 100, 500 and 1000 mW) of
wavelengths ranging from 100 — 2500 nm. Breakdown of the
device occurs at around 10.3 — 10.4V at different illumination
conditions. The dark current of the GaN/Aly 3Gapg7N MQB
APD is found to be around 1.4 x 10713 A at the reverse
bias of 10.1V (Vg < breakdown voltage (Vp)), which is
significantly smaller than the simulated dark current of Si/3C-
SiC MQB APD (0.24 — 0.40 nA at 9.0V of reverse bias)
[29]. Breakdown characteristics of GaN/Aly3Gag7N MQB
APD are considerably sharper than those of Si/3C-SiC MQB
APDs. The I-V characteristics of GaN/Alg3Gag7N MQB
APD under dark condition and for incident optical power
of 10, 100, 500 and 1000 mW of wavelength 3.0 um have
been shown in Figure 4. For reverse bias of 10.2V just below
the breakdown voltage, the photocurrent through the device
is observed to be increased from 1.1pA to 0.29nA for the
increment of the incident optical power from 10 mW to 1.0 W
at A = 3.0 um.

The spectral response of an APD majorly depends on these
factors such as (i) thickness of the absorption region (n-
layer and total MQB layers) (ii) anti-reflection coating on the
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FIGURE 3. I-V characteristics of AlIGaN/GaN MQW APD under the dark
and optical illumination of 350 nm UV light with incident optical power of
250 pW; I-V curves: (a) experimental measured data of Zheng et al. [28]
(solid black star markers (x) represent I, solid black circular markers (o)
represent I,p), and simulated data using the proposed model (solid blue
line (-) represents /4, and solid red line (-) represents Iph); deviation of
simulated data with the experimental data between the reverse bias
voltage ranging from (b) 0 to 40 V and (c) 40 to 80 V (blue error bars
represent Aly, and red error bars represent Al,p).
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FIGURE 4. The I-V characteristics of the GaN/Al, 3Gay ;N MQB APD
under dark condition and for different incident optical powers of
wavelength 3.0 um.

incidence surface (i.e. p*-GaN surface) of the photon-flux
and (iii) thickness of the anode contact layer (p™-GaN layer).
Moreover, the absorption coefficient of the base material
system (GaN/Alp3Gag7N) and structure of the absorption
layer (MQB structure) are the key factors which determine
the nature of the spectral response of the device. The spec-
tral response of the GaN/Alp3Gap7N MQB APD at 10.2V
reverse bias and 1 W of incident optical power of wavelengths
ranging from 100nm — 6.5 um has been shown in Figure 5.
The spectral response of the APDS within the wavelength

16029



IEEE Access

S. Ghosh et al.: MQB APD Based on GaN/AlGaN Heterostructures

10
1 10" 1
|
ar '*
= |
\
< ,,
I
|
& 10 1 | 1
v/ 1
4+ |
I
|
|
GaN~Alo3Gao’N MQB APD |
-+ - -+~ Si~3C-SiC MQB APD :
10—1 ! 1
10 10° 10

/4 (nm) —

FIGURE 5. Variations of spectral responsivity of MQB APDs based on
GaN/Aly 3Gag 7N (reverse bias voltage of 10.2 V, and incident optical
power of 1 W) and Si/3C-SiC (reverse bias voltage of 9.0 V, and incident
optical power of 1 W) heterojunctions with wavelength.

range 100 — 360 nm (UV spectrum) is achieved due to the
photon absorption in p*- and n-GaN layers. Within this UV
range the peak responsivity is 4.1 AW ™! is attained at 200 nm
wavelength. Direct transitions of electrons from the energy
states of valance band to the energy states of conduction band
is the primary mechanism of photocurrent generation within
this UV wavelength range. The inter sub-band transitions of
electrons within the quantum wells of the MQB structure
leads to the significant rise in responsivity of the APD within
the visible spectrum (400 — 770 nm), near-infrared (700 —
1400 nm), shortwave-infrared (1400 — 3000nm), mid-infrared
(3.0 6.0 um) spectrums. The peak responsivity of 60 AW~
is achieved at 3.0 um wavelength.

The carbon dioxide (CO,) absorption causes a dip in the
responsivity at the wavelength of 4.3 pm. the effect of the
CO; absorption has been included in the simulation through
the experimental data of absorption coefficients at room tem-
perature. The spectral response of Si/3C-SiC MQB APD at
reverse bias of 9.0 V and for incident optical power of 1 W of
wavelength range 100 — 4000 nm is also shown in Figure 5.
Unlike the GaN/Aly3Gag7N MQB APD the transition of
band-to-band absorption in barrier material (wider bandgap)
to quantum well inter sub-band absorption occurs at 450 nm;
the peak responsivity of 1.6 AW~! can be achieved at 260 nm
in Si/3C-SiC MQB APD with the detectable UV spectrum
of it. The peak responsivity Si/3C-SiC MQB APD occurs
at 350 nm which is around 50 AW~! and its responsivity
gradually decays to 15 AW~! at 4.0 um wavelength after
which sharp decay in the responsivity versus wavelength
curve is observed. Therefore, GaN/Alg3Gag7N MQB APD
capable of detecting wavelengths up to 6.0 um, whereas the
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maximum detectable wavelength of Si/3C-SiC MQB APD is
around 4.0 pm.

V. EXCESS NOISE CHARACTERISTICS

The valance band offset (VBO) in GaN/Alg3Gag 7N het-
erojunctions is AE, = 0.3x eV, whereas conduction band
offset (CBO) of those is AE. = E¢(x) — AE,— E,; where
Eq(x) = 6.13x + 3.42(1-x) — 1.0(1-x)x eV is the bandgap
of Al;Ga;,N at room temperature and E, = 3.42 eV
is the bandgap of GaN at room temperature (300K) [30].
Therefore, the values of VBO and CBO in the type-I band
alignment of Aly3Gag7N are AE, = 0.09 eV and AE, =
0.513 eV respectively. Thus, in GaN/Alp 3Gag 7N heterojunc-
tion, the discontinuity in conduction band (AE, = 0.513eV)
is significantly larger as compared to the discontinuity in
valance band (AE, = 0.09 eV). The ionization rate of holes
is larger than of electrons in GaN, while ionization rate
of electrons is larger than holes in AIN [31], [32], [33].
Although the ratio of ionization rate of holes to ioniza-
tion rate of electrons (gp/g,) is greater than one in bulk
GaN, due to the greater conduction band discontinuity in
GaN/Alp 3Gag 7N heterojunctions the ratio (g,/g,) reduces
slightly in GaN/Alp3Gap7N MQB structures [30]. As a
result of that elimination of secondary carrier multiplica-
tion cannot be achieved like Si/3C-SiC structures, in which
AE, > AE_.. Therefore, in order to reduce the excess noise in
GaN/Alp3Gapg7N MQB APD an extra n-GaN dedicated layer
has been introduced to restrict the electron dominated carrier
multiplication within a narrow region (nearly around 20 nm
thick). By providing the spectral restrictions to the avalanche
multiplication phenomenon, better excess noise characteris-
tics can be achieved in GaN/Alp 3Gag 7N MQB APD, having
pT-n-ipop-n structure as compared to the Si/3C-SiC having
pT-impp-n" structure. The gain ((M)) versus bias voltage
(Vg) curve of MQB APD based on GaN/Aly3Gag7N het-
erojunctions is shown in Figure 6 (a). The Figure 6 (a) also
shows the (M) versus Vg characteristics of Si/3C-SiC MQB
APDs with different number of quantum barriers (Np), such
as N, =1 in APD1, N, = 3 in APD2, and N, = 5 in
APD3 [24]. It is observed from Figure 6 (a) that at the bias
voltage of 9.0 V, the gain of Si/3C-SiC MQB APDs vary
from 102.29 to 118.65; whereas the peak gain of 92.69 is
achieved in GaN/Alp3Gag 7N MQB APD at the bias voltage
of 10.2 V. The variation of excess noise factor (ENF) of
GaN/Alp 3Gag 7N MQB APD with multiplication gain ((M))
has been shown in Figure 6 (b). It is noteworthy from Figure 6
(b) that the ENF of GaN/Aly 3Gag7N MQB APD varies from
1.62 to 5.95 for the multiplication gain range of 1 — 100,
while the lowest achievable ENF in Si/3C-SiC MQB APD
is ranging from 1.58 — 10.9 for the same multiplication gain
range. Therefore, clearly the GaN/Alp 3Gag 7N MQB APD is
less noisy as compared to its Si/3C-SiC counterpart.

VI. SIGNAL-TO NOISE RATIO AND OPTIMUM GAIN
The avalanche multiplication process typically begins when a
thermally generated electron is present within the avalanche
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FIGURE 6. Variations of (a) gain with reverse bias voltage, and (b) excess
noise factor with gain in MQB APDs based on GaN/Alj 3Gag 7N and
Si/3C-SiC [24] heterojunctions.

zone, and when combined with other non-optical sources of
noise, it results in a multiplied dark current as follows:

(Mult_dark) __ y(dark)
I(SC) = I(Sc) (M). (32)
The multiplied dark current adds excess noise, and the shot
noise component of this multiplied dark current is expressed
as:

1
Mult g dark 2
(risestan) = faqriges a2 (33)

Considering both the multiplied dark and photo currents, the
expression of total output current (signal) and output voltage
are expressed as:

(dark)
I = (1((;’3) +1 e, ) (M) and V. =LR,. (34)
The shot-noise component due to the total output current
(signal) can be expressed as:

1
) = {2q (Igg? " 1((;13’)“) <M>2F} P35

To characterize the noise characteristics of an APD,
we illustrate a standard read-out circuit for an APD in
Figure 7 [34]. This circuit comprises of a steady voltage
source for providing reverse bias (Vpizs) to the APD and
a trans-impedance amplifier, as depicted in Figure 7. The
trans-impedance amplifier serves to convert and amplify the
overall output current from the APD into a corresponding
output voltage V,,,. Under a first-order approximation, the
output voltage resulting from the signal power is given by

Vout =1ILRr. (36)

Additional standard assumptions regarding the amplifier
include a 3-dB bandwidth (B,) that aligns with the rise time
of the photocurrent pulse, a linear response, and the absence
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FIGURE 7. Schematic of the read-out circuit.

of stray capacitances. Moreover, the amplifier’s noise con-
tribution is characterized by the inclusion of a noise current
spectral density (/) at its output. The corresponding ampli-
fied voltage, V;,, obtained by multiplying it by the square-root
of the bandwidth (B,), is expressed as:

Vi = (Vi) (Bu)? = (L) R, (By)? . (37)

The resistor Ry determines the gain of the trans-impedance
amplifier and introduces a Johnson noise current of

4kgT
Ry

(In) = (38)

The capacitor Cy serves as phase compensation, reducing
gain peaking in the read-out circuit at higher frequencies [35].
Taking into account the 3-dB bandwidth B,, (i.e., the ampli-
fier’s noise bandwidth), the expression for the Johnson noise
voltage is as follows:

1
(Vrn) = (4kpTB,RL)? . (39)
The shot noise voltage component due to the signal is given
by
1
i) = {28, [ (162 + 15%) 0n2F |} Re - a0)

Summing up the previously mentioned noise currents in a
quadrature manner and converting them into a voltage results
in the overall noise voltage at the amplifier’s output. This total
noise voltage at the amplifier’s output can be expressed as:

(Vour) = {(VL)2 + (Vi) + Vnz}%
= {248, [ (15 + 1565 00?F | R
+ By (4kBTRL + (Vn>2)}% ' @1

The Signal-to-Noise Ratio (SNR) of the APD and the
read-out circuit is defined as the ratio of the signal output
voltage to the total noise voltage and is given by [34] and
[35], (42), as shown at the bottom of the next page.
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FIGURE 8. Noise characteristics of the MQB APD based on
GaN/Aly 3Gag 7N heterojunctions.

A typical transimpedance amplifier with B, = 50 MHz and
amplification noise voltage spectra density (V,,) = 1.414 x
10~7 V Hz~ Y2 terminated with a resistance of R;, = 1.0 K
at an effective input noise temperature 7 = 300 K [34]
has been considered for the SNR calculation and determi-
nation of optimum optical gain of the MQB APD based
on GalN/Alp 3Gag 7N heterojunctions. Figure 8 (a) illustrates
the fluctuations in several key parameters: the output signal
voltage (V,;), the shot noise voltage component ((V)), the
Johnson noise voltage ((Vry,)), and the noise voltage at the
amplified output (V},), all in relation to the multiplication gain
({M)) associated with the electron-initiated multiplication
process. In contrast, Figure 8 (b) depicts the variation of the
SNR as a function of (M). Notably, Figure 8 (b) reveals that
the SNR reaches its peak within a multiplication gain range
of 40 to 50. Consequently, this range of 40 to 50 can be
considered as the optimal gain values ({(M),p;), maximizing
SNR at the output of the trans-impedance amplifier. It’s worth
noting that enhancing the trans-impedance amplifier circuit
can further improve the output SNR, but it won’t affect the
range of the optimal gain.

VIl. TIME AND FREQUENCY RESPONSES
The pulse responses of GaN/Aly3Gag7N and Si/3C-SiC
MQB APDs are shown in Figure 9. The pulse width Ay =

0.4 ps and height @gx) = 70.15 x 10°® m~2s~! are kept
fixed, but the wavelengths are selected separately for each
APD. The wavelength of the incident optical pulse is selected
for each APD for which their respective responsivity peaks
are attained. Therefore, 3.0 and 0.8 um wavelengths are
selected for GaN/Alg3Gag 7N and Si/3C-SiC MQB APDs
respectively. The current responses of the APDs associated
with the similar input optical pulse show that significantly

narrower current response can be achieved in the proposed
GaN/Alp3Gapg7N MQB APD as compared to Si/3C-SiC
MQB APD. Primarily the current response possesses multiple
peaks (i) first or major peak is associated with the origi-
nal injected electrons and (ii) subsequent minor peaks are
associated with the secondary generation of the electron-hole
pairs due to charge multiplication phenomenon at the active
regions. Narrow down of the avalanche zone due to the
introduction of n-type dedicated multiplication layer in
GaN/Alp3Gag7N MQB APD the secondary electron-hole
pair generation is supressed in MQB layers. As a result of
that the minor peaks of the current response are significantly
supressed in GaN/Alp3Gag7N MQB APD as compared to
the Si/3C-SiC MQB APDs. Thus GaN/Alp3Gag7N MQB
APDs have significantly shorter response time (t,; = 2.4 ps)
as compared to the Si/3C-SiC MQB APDs (7, = 4.2 ps).
The normalised frequency responses of the APDs have been
shown in Figure 10, which are obtained from the FFT of
corresponding time responses shown in Figure 9. Shorter
time response of GaN/Alp3Gag7N MQB APD leads to sig-
nificantly broader 3-dB bandwidth (BW = 274.5 GHz) as
compared to the Si/3C-SiC MQB APD (BW = 78.4GHz).
Therefore, nearly around 3.5 times higher bandwidth is
achievable in p+-n-iMQB—n+ structured MQB APD based on
GaN/Aly3Gag 7N material system as compared to its p™-
imop-n" structured Si/3C-SiC counterpart at their respective
wavelengths corresponding to the responsivity peaks (i.e.,
3.0 and 0.85 um respectively).

VIIl. PERFORMANCE LIMITATIONS

The MQB APD proposed here features a vertical illumina-
tion structure, where the photo-generated charge carriers are
generated at the top layer (p*-GaN) of the APD. Electrons
and holes then travel along the same axis (z-axis) parallel to
the axis of the incident light. This vertical illumination design
comes with an inherent trade-off between carrier transit time
and responsivity. The convenient optical coupling is a notable
advantage of vertical illumination structure. Lateral illumina-
tion APD structures induce the optical signal perpendicular
to the carrier’s travel direction, allowing for a relaxation of
the trade-off between carrier transport distance and optical
path length. This, in turn, eases the trade-off between carrier
transit time and responsivity. Nevertheless, a trade-off still
exists between the resistance-capacitance (RC) time constant
and optical path length in such lateral structures. The pro-
posed device structure, as depicted in Figure 1, incorporates
vertical illumination and a field-confinement configuration.
It’s worth noting that in the structure shown in Figure 1,

VO ut

out>

SNR =

ILR
LI (42)

{2aBu [ (162 + 157 ) MPF | R? + By (4kaTR, + (V2)?)]
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TABLE 2. Comparison between the proposed APD with the earlier reported group-Iil nitride-based APDs.

SI.  Spectrum Electron/Hole 2 Dark R |[VR| ENF  Type of the Ref.
No. Initiated (nm)  Current (mA ) at Study
Density w1 M =
(A m?) 100
1 Electron 350 1.05x10-¢ - 65.00 2.2 Experimental [28]
Hole 350 1.50x107 60000  278.0 - Experimental [41]
uv Hole 340 10.0x1073 150 66.5 - Experimental [42]
Hole 255 0.80 --- 80.0 - Experimental [43]
Electron 365 4.00x107 140 95.4 - Experimental [44]
2 Electron 350 9.33x10°3 921 10.20 5.95 Simulation Present Work
3 IR Electron 1460 10.00x1073 58600 0.50 --- Experimental [45]
4 Electron 1500 9.33x10° 30000 10.20 5.95 Simulation Present Work
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FIGURE 9. Pulse response currents of MQB APDs based on
GaN/Alj 3Gag 7N (bias voltage Vp = 10.2 V) and Si/3C-SiC (bias voltage
Vg = 9.0 V) heterojunctions as function of time due to the incident
rectangular pulse of photon flux density of 70.15 x 103 m~2s-1 and
pulse width of 0.4 ps.

the total thickness of the MQB absorption layer (95 nm)
and the doping density of this layer (10! m™—3) determine
the thickness of the depletion layer. Any deviation in this
thickness will result in changes in responsivity, device capac-
itance, and operational speed. Therefore, for practical APDs
employing this structure, precise control over the thickness
of each quantum well (GaN), barrier (Alp 3Gag 7N) layer, and
their respective n-type doping concentrations is crucial.

In addition to the limitations mentioned earlier, there exists
another factor in APDs that significantly impacts their per-
formance in terms of responsivity, bandwidth, and noise
characteristics. This factor is known as avalanche build-up
time or avalanche response time, and it is closely tied to
the properties of the avalanche layer, including its mate-
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f(Hz) -

FIGURE 10. Frequency response of MQB APDs based on

GaN/Aly 3Gag 7N (bias voltage Vp = 10.2 V, wavelength 3.0 xm) and
Si/3C-SiC (bias voltage Vi = 9.0 V,, wavelength 0.85 xm) heterojunctions;
calculated for the incident rectangular pulse of photon flux density of
70.15 x 103 m—2s~1 and pulse width of 0.4 ps.

rial composition and thickness. The processes of avalanche
multiplication have an inherent finite response time; time
required to attain the multiplication gain ~10° is generally
referred as avalanche response time [37], [38]. When the
ionization coefficients of both electrons and holes are nearly
identical and these carriers travel in opposite directions within
the avalanche layer, creating new electrons and holes in the
process. This behaviour introduces a delay in effectively
sweeping out the ionized carriers from the avalanche layer.
Since the avalanche multiplication and transport processes
involve inherent randomness, this delay contributes to an
increase in noise current. Consequently, a higher gain typ-
ically leads to a longer delay in carrier transit time and
greater noise. To quantify this delay and noise impact, two
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TABLE 3. Comparison between the proposed APD and other state-of-the-art near-IR to mid-IR photodetectors.

SL. 2 Mechanism Material System” R (mA |Vg| BW Type of the Ref.
No. (pm) w1 (V) (GHz) Study
1 0.85 Intersubband M~(Si~SiC~Si)mos~M 50000.00 9.0 78.40 Simulation [21,27]
Transition
2 0.85  Intersubband M~(GaN~AlGaN~GaN)mes~M  10500.00 10.2 --- Simulation Present
Transition Work
3 1.16  Photovoltaic M~MoTex~M 4.80 0 0.200 Experimental [46]
4 1.31 Photovoltaicand MoTex~G 400.00 3.0 0.500 Experimental [47]
Photoconductive
5 1.26 Photovoltaicand MoTex~G 150.00 0.6 12.0 - Experimental [48]
- Photoconductive 46.0
1.34
6 1.35 Photovoltaic M~G~M 200.00 0.5 - Experimental ~ [49]
7 1.55 Photovoltaic M~G~M 50.00 0 3.0- Experimental ~ [50-54]
110.0
8 1.55 Photo- M~G~M 78.00 0 12.0 - Experimental ~ [55-61]
thermoelectric 67.0
9 1.55  Direct G~BN~G 240.00 10.0 28.00 Experimental  [62]
tunnelling  and
Fowler-
Nordheim
tunnelling
10 1.55 Internal photon G~Si 130.00 1.5 --- Experimental [63]
emission
11 1.55 Internal photon G~Si 11.00 0 >50.0 Experimental ~ [64]
emission
12 1.55 Intersubband M~(GaN~AlGaN~GaN)mos~M  30000.00 10.2 --- Simulation Present
Transition Work
13 2.00  Bolometric M~G~M 70.00 0.3 200 Experimental [65]
14 2.00 Photovoltaic M~BP~M 307.00 0.4 0.5- Experimental [66]
1.33
15 2.75 Internal photon G~Si 130.00 1.5 - Experimental ~ [63]
emission
16 3.00 Intersubband M~(GaN~AlGaN~GaN)mos~M  60000.00 10.2 274.5 Simulation Present
Transition Work
17 3.00  Intersubband M~(Si~SiC~Si)mos~M 21500.00 9.0  78.40 Simulation [21,27]
Transition
18 3.68  Photo-gating M~BP~M 23000.00 1.0 - [67]
19 3.825 Photo-gating M~BP~M 11310.00 0.5  5.5x107 Experimental ~ [68]
20 4.00 Intersubband M~(GaN~AlGaN~GaN)mos~M  33000.00 10.2 --- Simulation Present
Transition Work
21 4.00 Photo-gating M~BP~M 2000.00 1.0 - Experimental [67]
22 6.00 Intersubband M~(GaN~AlGaN~GaN)mes~M  16000.00 10.2 --- Simulation Present
Transition Work
23 430 Interlayer WS2~HfS: 3.51x10° 1.5  2.0x107  Experimental  [69]
- exciton
10.00
24 3.40 Bolometric M~G~M 5.10 0.5 0.047 Experimental [70]
12.00

*M = Metal, G = Graphene, BP = Black Phosphorus, MoTe, = Molybdenum Ditelluride, WS, =Tungsten Disulfide and
HfS, = Hafnium Disulfide
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essential metrics are considered: the gain-bandwidth product
(GBP) and the avalanche response time (74) [37]. These
metrics vary for different materials, and they can even differ
based on the type of injection carriers [37]. Hence, selecting
the appropriate material for the avalanche layer is a critical
decision. In this context, an n-GaN avalanche layer with a
doping density of 2.0 x 10?> m™> has been chosen. This
n-type GaN layer exhibits an exceptionally low avalanche
response time (approximately 1071® seconds [37]) and a
notably high GBP (around 300 GHz [39]). It is worth noting
that thinning the avalanche layer, a phenomenon known as
the ““dead-space effect”” [40], can further improve GBP and
ta. However, it’s essential to strike a balance between the
material composition and thickness of the avalanche layer,
while considering the trade-off between GBP, t4, and tun-
nelling dark current, as a thin avalanche layer can increase the
latter [29].

IX. COMPARISON WITH EXISTING PHOTODETECTORS

In this section, initially the performance of the proposed
GaN/Aly 3Gag 7N/GaN MQB APD has been compared with
some group-III nitride-based UV and IR detectors [28],
[41], [42], [43], [44], [45]. The said performance compar-
ison has been presented in Table 2. It can be observed
from Table 2 that the performance of the proposed MQB
structure is fairly comparable with the existing group-III
nitride-based UV and IR detectors. However, the notable
advantage of the proposed MQB APD is its wider detection
spectrum (starting from UV spectrum, extended up to the
mid-IR spectrum (up to 6.0 um)) as compared to the other
state-of-the-art detectors with considerable narrow detection
spectrum [28], [41], [42], [43], [44], [45]. The performance
of the proposed GalN/Aly 3Gag7N/GaN MQB APD has also
been compared with various state-of-the-art near-IR and mid-
IR photo-detectors available in literature [46], [47], [48],
[49], [50], [S1], [52], [53], [541, [551, [561, [571, [58], [591.
[60], [61], [62], [63], [64], [65], [66], [67], [68], [69], [70].
The important performance parameters like responsivity,
operating bias voltage and bandwidth are compared with
other existing photodetectors within the wavelength range of
0.85 — 12.0 um; the summary of the comparative study has
been listed in Table 3. The primary mechanism behind the
IR detection of the GaN/Alp3Gag7N MQB APD is the inter
sub-band transitions of electrons within the quantum wells.
The earlier reported Si/3C-SiC MQB APD also utilises the
same mechanism for IR detection. However other state-of-
the-art IR detectors utilises several other mechanisms like
photovoltaic, photoconductive, photo-thermo-elective, direct
and Fowler-Nordheim tunnelling internal photon-emission,
bolometric, photo-gating, interlayer excitons, etc [46], [47],
[48], [49], [501, [51], [52], [S3], [54], [55]. [56], [57],
[58], [59], [60], [61], [62], [63], [64], [65], [66], [67],
[68], [69], [70]. Comparative study shows that the earlier
reported Si/3C-SiC MQB APD proposes better responsivity
at 0.85 um wavelength, but its bandwidth is 3.5 times smaller
than the proposed GaN/Aly3Gag7N MQB APD. At 1.16 —
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3.00 um wavelength range the proposed APD shows the
maximum responsivity and bandwidth among all existing IR
detectors. However, the operating bias volage requirement
of the proposed APD is nearly one order higher than the
others. Waveguide integrated black phosphorous photodiodes
fabricated and tested by Huang et al. [67] and Ma et al.
[68] in years 2019 and 2020 respectively are the nearest
competitors of the proposed APD in terms of responsivity
within the wavelength range of 3.0 — 4.0 um. However,
the bandwidth of the proposed MQB APD is significantly
higher than the black phosphorous photodetectors. Again,
within the 4.0 — 6.0 um wavelength range the optoelectronic
performance of the proposed MQB APD is found to be signif-
icantly better as compared to the waveguide integrated black
phosphorous photo-detectors, mid-IR photodetectors based
on interlayer excitons in 2-D heterostructures and graphene
mid-IR bolometer [69], [70].

X. CONCLUSION

A GaN/Al,Ga;.N/GaN MQB APD structure has been pro-
posed and studied in this paper in order to investigate its
potentiality to detect long wavelength IR signals up to
6.0 um wavelength. A self-consistent quantum drift-diffusion
(SCQDD) model developed by the authors has been used to
determine the current-voltage characteristics under dark and
illuminated conditions, spectral response, excess noise prop-
erties, time and frequency responses. Results show that the
proposed MQB APD attains peak responsivity of 60 AW~
at 3.0 um wavelength. Incorporation of a dedicated thin
n-GaN layer for avalanche multiplication in between the
pT-GaN contact layer and MQB constant field drift layer
ensures significantly low noise equivalent power under nor-
mal operating conditions at room temperature (300 K).
Optical pulse response of the device reveals that restricting
the charge multiplication within a narrow avalanche zone
near the p™-n junction able to supress the minor peaks of
the current response and consequently significantly narrow
pulse response can be achieved. Narrow pulse response leads
to broad bandwidth of 274.5 GHz, which is significantly
broader than the existing IR photo-detectors. The perfor-
mance of the proposed GaN/Aly3Gag7N/GaN MQB APD
has been compared with various state-of-the-art near IR mid
IR photo detectors available in literature, and found to be
highly promising for long wavelength IR detection up to
6.0 um wavelength.
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