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Introduction:-

Photodetector is a special type of electrical device that converts optical signal directly into electrical signal. So, if
light is given as an input to the photodetector than current or voltage is produced as an output. When radiating
energy is absorbed by the electrons, they gain power and move into the upward energy levels. These excited charge
carriers can be collected by placing electrodes across the device and then can be used to drive external loads.
Photodetectors can play a vital role in renewable energy field as they can utilize solar energy or any other heat
radiation. Day by day, demand of power is increasing beyond imagination. Fossil fuels are the major sources of
power in present time. If this conventional energy source is exploited in this rate, there is a much higher probability
of unavailability of this long-time dependable energy source in the next century. So, it is high time to take step of
using renewable energy sources as a substitute of conventional energy sources. But even today, technology
regarding the extraction of renewable energy is not developed so much. Only an insignificant percentage of
available renewable energy sources is used to generate electricity. Special effort of developing technology regarding
this field should be taken as early as possible to meet the challenge of increasing demand.

Photodetector can be classified in two groups. One of these is interband photodetector. In this detector, when light is
absorbed by the valence band electrons, they move into conduction band. That means transfer occurs between two
bands. As a result, free electron-hole pairs are created by photon absorption i.e., electron in the conduction band and
hole in the valence band [1]. Another type of photodetector is intraband photodetector. Here, transition of electron
occurs inside the same energy band. Holes have much higher effective mass than electrons. In case of a
photodetector, faster carrier movement process is required to ensure larger current flow from the device. For this
reason, only conduction band is important from design perspective [2]. Intraband i.e., intersubband transition-based
photodetectors are normally designed to operate at infrared region of electromagnetic spectrum. Till date, different
matured semiconductor systems are used to operate as an intersubband photodetector. Due to low conduction band
offset, they operate at far-infrared or at best at mid-infrared region [3]. Systems having larger conduction band offset
can be used to design detector which is capable of operating in near-infrared range. In present work, we are mainly
concentrating on the group-111 nitride based quantum cascaded photodetector heterostructure.
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Doping is a very important parameter for intersubband photodetector in a view of design corner. Transition of
electrons between different eigen energy levels depends on the available carrier density in those corresponding
energy levels. Doping effect should be analyzed carefully to maximize absorption capability as well as to ensure
faster relaxation process.

The organization of this paper is as follows: In Sec. 11, we will present the design procedure of quantum cascaded
heterostructure based photodetector. In Sec. Il1l, we will analyze and calculate carrier density of different energy
levels. In Sec. 1V, we will investigate the doping dependency on the absorption capability numerically. In Sec. V,
we will draw conclusions.

Photodetector Heterostructure Design:

In this work, we have assumed that the GaN/AIN heterostructure is grown on Sapphire (Al,O3) substrate. As
GaN/AIN epitaxial layers are not fully lattice matched with Sapphire substrate, the designed structure is strain
compensated. Though AIN and GaN can exist in the cubic zincblende phase, only the hexagonal wurtzite phase is
thermodynamically stable. In the wurtzite phase, group-Ill nitrides form a continuous alloy system with direct
bandgaps [4]. So, the total conduction band offset of the material system can be exploited for intersubband
transitions. In this work, we have considered the wurtzite phase of nitrides. Here, GaN serves as a well material and
AIN serves as a barrier material. These samples can be created by using either plasma assisted molecular beam
epitaxy (PAMBE) or metal organic vapor phase epitaxy (MOVPE) process. The different parameter values that are
important to design GaN/AIN heterostructures are given in Table I [4] — [8].

Table I:- Material Parameters of the System.

Parameters [unit] GaN AIN
Bandgap, Eg[eV] 3.438 6.25
Effective mass, m /mq 0.18 0.30
Refractive index, n 2.335 -

High Permittivity, €, 5.31 4.35
Static Permittivity, ¢, 10.2 9.32
LO-phonon energy, hm o[meV] 91.2 -

The valley conduction band diagram and the associated wavefunctions of designed quantum cascade structure have
been shown in Fig. 1. We adjust the thickness of the barrier and well materials so that a broadband light absorption
is possible. Here, we have doped in three quantum wells (QW). Optical transition will take place inside these three
quantum wells. As a result, absorption of energy at different range is possible. To increase the current and hence the
efficiency of the quantum cascade structures, as the carriers are photo-excited to the upper states, they should be
available at the lower states of the next stage at a very short time. The fast transport of the excited carriers can be
achieved by employing scattering due to Longitudinal Optical (LO) phonons. We design the structures so that the
path through which the excited carriers relax is divided into steps of energy levels which differ in energy
comparable to the LO phonon energy of the material system. The LO phonon energy of GaN material is 91.2 meV.
In this structure, the energy spacing between any two consecutive levels in the relaxation path is between 80 to 110
meV.Therefore, carriers relax from the upper states of an active region to the lower states of the next active region at
a faster rate.

We have designed the structure in such a way, that higher energy transition is possible for excited charge carriers.
We have also ensured stronger transition after absorbing photons. Strength of an optical transition between two
subbands depends on the dipole matrix element between them. Dipole matrix element does not depend on the
doping. It depends on the electric dipole moment associated with the two states. In general, it is a complex vector
quantity that includes the phase factors associated with the two states. Its direction gives the polarization of the
transition, which determines how the system will interact with an electromagnetic wave of a given polarization. The
dipole matrix element between two states i(initial) and f (final) is given by [9]
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where m"” is the energy dependent effective mass and p, is the momentum operator, E is the eigen energy level and ¥
is the probability function describing the availability of carrier at the corresponding state. Calculated dipole matrix
element of different energy levels for these three doped wells of our designed structure has been shown in Table I1.
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Fig 1:- Energy wavefunctions with squared envelope functions of the designed structure. The layer thicknesses
(shown in Angstrom unit) of this designed structure are 7/20/7/19/7/18/7/15/7/12/7/9/7/8/7. The numbers in bold
fonts are AIN layers (barrier material) and the numbers in normal fonts are GaN (well material) layers. The
underlined layer has been n-type doped. The photo-excitation of the carriers from one period (red coloured) to the
next period (blue coloured) i.e., photon absorption process has been shown by the vertical arrow. The carrier
relaxation from the upper energy levels to lower energy levels through subsequent stages i.e., photo-carrier
collection process has been shown by the inclined arrow. The electric field F = 50 kV/cm across the structure
corresponds to the operating photovoltage point.

Higher value of dipole matrix element denotes the stronger interaction between subbands. So, stronger transition is
possible between the lower energy levels and upper energy levels for our designed structure as dipole matrix
elements are stronger for these corresponding energy levels. As a result, stronger absorption of optical illumination
is possible.

Table I1:- Dipole Matrix Element.

Doped QW Initial Energy Level, i Final Energy Level, f Dipole Matrix element, z; (A)
1 3 22 1.2761
2 5 25 0.3628
3 8 29 0.3525

Carrier Density Calculation:

Number of available carriers in a definite energy state depends on the doping as well as density of states. In case of a
quantum well, there are only two degrees of freedom. As a result, a two-dimensional electron gas is created inside
the well. Density of states for a single subband in a quantum well can be calculated numerically using [10]

FPE=F T 0E-E) (2

where, @ is the unit step function and nis total confined states within the quantum well system.
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We have assumed that, before photo-excitation system is in thermal equilibrium. So, carriers are distributed among
different energy levels according to Fermi-Dirac probability function as [10]

f@)=—o— ()

ek’ 41

where kg is the Boltzmann constant, T is the device temperature. As the photodetector operates in the room
temperature, T is taken as 300 K. Here, E¢ is the quasi-Fermi energy level which describes the carrier population
within a subband. Quasi-Fermi distribution of carriers depends on the doping concentration. For a quantum well, we
need to know the two-dimensional carrier density which is calculated by multiplying the doping density of the well
by the thickness of the doped wells. If n,p is the total carrier density than quasi-Fermi level, Er can be calculated as

[10]
* Enmax —E¢ Enin —Ee
N, = m kE;T Emax — EF —Inl1+e keT — M— In|1+e e 1(4)
h kBT kBT

where Eny is the subband minima and En, is the top energy level of the quantum well.

Carrier density of energy levels where optical transition takes place plays a vital role to determine the absorption
characteristics. As photon is absorbed by the electrons of the lower energy levels, there should be higher availability
of electrons to utilize this optical power. After photon absorption, these electrons move to the upper energy level.
So, there should be available empty states where photo-excited carriers will be moved. Lower carrier density at
upper energy levels before photo-excitation is required to fulfill this requirement. As a result, stronger absorption
directly depends on the carrier density difference between the two energy levels taking part in transition. At higher
energy levels, there is less number of available carriers as carriers are mostly distributed in the lower energy levels.
In our designed structure, absorption takes place in higher energy range. So, it can absorb electromagnetic radiation
effectively and strongly. Two-dimensional carrier density of a state i with energy E; can be calculated as [11]

- Eq-E
N =T kT In[l+e ke J (5)

' h?

To calculate the effect of doping on carrier density distribution, we have considered two different doping. One is
lower doping of Ndop= 1017/m3 and other one is high doping with Ndop= 1026/m3. In present work, we will study
and analyze the effect of these two different doping levels on the carrier density distribution as well as on absorption
capability. Two-dimensional carrier density at different energy levels of three doped well in designed structure has
been shown in Table I1I.

Table I11:- Carrier Densities.

Eigen Energy Level 2D Carrier Density (no. / m?)
Ngop = 10"/m° Ngop = 10°/m?

3 4.60 x 10° 2.89 x 10"

5 2.48 x 10’ 2.32 x 10"

8 4.26 x 10° 1.52 x 10"

22 0 1.15 x 10"

25 0 2.69 x 10°

29 0 6.68 x 10°

So, by higher doping, larger carrier density differencebetween the energy levels can be achieved. But excess
heavydoping can cause random tunneling through barrier. Different secondary leakage mechanisms will be
significant resulting in uncertain behavior of photo-detection process. Moreover, excess carrier density requires
greater time to relax to lower energy levels resulting slower carrier relaxation process. As a result, higher power
generation process will be interrupted. So, for effective design moderate doping should be taken. Normally group-I11
nitride based quantum well heterostructure is doped at a range of 1x10%/m® to 1x10%°/m® [4].
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Absorption Spectrum:

Absorption coefficient (a) is the measurement of how well a device absorbs energy from the optical source. Higher
value of this coefficient denotes higher absorption ability of the structure. In our work, we have considered two-
dimensional absorption coefficient (ayp) that means absorption coefficient is normalized to the stage inverse
thickness. The absorption spectrum can be calculated using [12]

0zt r, /2
o, (hw) = —— (N, —=N)). ! ,
* é:‘ Jzee; Nnco, : (Ej = - ho)? +(rij 12)°

)

where “gl” denotes the ground energy levels and “el” denotes the upper excited energy levels. The ground energy
levels are at the bottom of vertical arrow and the upper excited energy levels are on the top of the vertical arrows in
Fig. 1. Here, o is the radian frequency, n is the refractive index, c is the velocity of the light, q is the charge of an
electron, ¢ is the static dielectric constant of quantum well material, z; is the dipole matrix element, E; is the energy
value of upper level and E; is the energy value of lower level. The line width of absorption spectrum, T, has been
assumed to be 11% of the transition energy E; — Ei[4].

So, absorption coefficient is directly proportional to the carrier density difference, N; — N; as shown in Eq. (6).
Stronger absorption coefficient along with wider bandwidth denotes the capability of absorbing electromagnetic
optical radiation effectively by the photodetector structure. These requirements can be obtained by creating carrier
density difference between the corresponding energy levels i.e., by changing doping level.

Absorption coefficient is plotted against absorbed photon energy for Ngep = 10%®/m? in Fig. 2. There are two major
peaks in the absorption spectrum. They are at 596 meV and 704 meV. Peak absorption coefficient is almost 3x10°°
which is at 704 meV. So, our designed structure can absorb from almost 550 meV to 850 meV of available solar
energy as shown in Fig. 2. Linewidth i.e., bandwidth of absorption spectrum is considered as Full-Width at Half-
Maximum (FWHM). Effective bandwidth is almost 180 meV for this doping level.
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Fig 2:- Absorption spectrum for N, = 10%%/m®. Absorption coefficient is normalized with respect to 1x10°°.

Absorption coefficient is plotted against absorbed photon energy for Ngo, = 10"/m® in Fig. 3. Absorption peaks are
in the same energy level. It does not depend on the doping concentration as peak absorption coefficient occurs at the
energy difference of two levels where transition takes place as shown in Eq. (6). But peak absorption coefficient is
almost 2.5x10* for this low doped structure. So, absorption capability decreases in a large scale. To absorb
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photons, enough electrons should be available at lower energy levels. Otherwise, only a small portion of available
photon energy will be used. In case of low doping, there are very few charge carriers available in ground states. So,
energy transferred by these charge carriers is also small. Linewidth for this doping is only about 90 meV. So,
bandwidth also decreases for low doping. As bandwidth is a measurement of effective absorbed energy range, lower
doping results in ineffective design of photodetector. Absorbed optical power leads to the generation of photocurrent
which is used to drive external loads. So, narrow bandwidth of a structure denotes lower generation of current. As a
result, less power will be generated from this designed structure. So, low doping leads to lower efficiency quantum
well photodetector. So, doping should be increased at a certain higher level to absorb more electro-magnetic
radiation as well as to avoid secondary leakage effects.
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Fig 3:- Absorption spectrum for N, = 10*"/m>. Absorption coefficient is normalized with respect to 1x10 .
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Conclusions:-

In summary, we have shown that, absorption spectrum of a quantum well cascaded heterostructure is strongly
dependent on the doping density. Higher doping leads to stronger absorption coefficient and wider bandwidth in
comparison to lower doping. As excess heavy doping leads to the rise of different non-linear secondary effects and
random tunneling probability, moderate doping should be introduced to design an effective photodetector.
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