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Abstract— In this paper, we present
calculations for different parameters of
quantum dot infrared photodetectors. We
considered a structure which includes quantum
dots with large  conduction-band-offset
materials (GaN/AlGaN). Single band effective
mass approximation has been applied in order
to calculate the electronic  structure.
Throughout the modeling, we tried to consider
the Ilimiting factors which decline high
temperature performance of these devices.
Temperature dependent behavior of the
responsivity and dark current were presented
and discussed for different applied electric
fields. Specific detectivity used as figure of
merit, and its peak was calculated in different
temperatures. This paper indicates the state of
the art in the use of the novel 111-N materials in
infrared detectors, with their special properties
such as spontaneous and piezoelectric
polarizations. It was found that, Ill- nitride
Quantum dots have a good potential to depress
the thermal effects in the dark current which
yields the specific detectivity up to~ 2x10’
CmHz ¥?/W at room temperature.

KEYWORDS: Photo-detectors, GaN quantum
dots, Temperature effects, Thermal effects.

I.INTRODUCTION

Detectors operating in the (3—25 gm) infrared

regime have many applications including
battlefield-imaging, medical applications,
mine detection, remote-sensing and
telecommunications. So there were special
attentions for finding good detecting systems,
for long years. Recently, the optical detectors
based on quantum dots (QDs) attracted a lot of
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scientific attentions. The important features of
these devices are, three dimensional quantum
confinement, which results in the o -like
density of states [1] , [2], reduced electron-
phonon scattering, so long excited state
lifetime and high current gain, and their ability
for operating at high temperatures [3],
[4]. These devices have great potential to
overcome the drawbacks of  the
commercialized quantum well infrared
photodetectors (QWIPs). In order to improve
the performance of these detectors, different
structures and materials have been investigated
until now [5]-[7]. In the past decade, Wurtzite
[[I-nitride quantum dots (QDs) have been
extensively studied for their potential use, in
different optoelectronic devices. GaN and its
alloys with AIN, have strange properties such
as, larger saturation velocity, large band gap
and higher thermal stability, in comparison to
the usual and prevalent, III-V materials [8].
But unfortunately, they still, suffer from a
certain lack of knowledge, in terms of
fundamental material parameters, and, they are
in their early stage. Here we tried to
investigate QDs with these novel materials,
which may be useful, in high temperature
performances, of these kinds of detectors.

In this paper the detector parameters such as
responsivity and dark current were evaluated
precisely, by considering their temperature
dependence. Specific detectivity used as figure
of merit, and its peak was calculated as
function of temperatures for different applied
bias.
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Il. THEORY AND DISCUSSIONS
A cuboid shape GaN QD, which has been
surrounded by Al ,Ga,,N barriers, has been

considered as a unit cell. The proposed QD
structure has been shown in Fig. 1. Five layers
with doping density of 2x10®cm™, QD
density of Nd =10*m~ are used as the active
region of the device.

Fig. 1 The proposed cuboid shaped GaN QD within
a Al,,Ga,,N layer.

In order to calculate the eigen function and
eigen values of the confined electrons, in QDs,
we had to solve the Schrdodinger equation.
Different methods have been used to solve
Schrodinger equation until now. Comparisons
between single band, eight band k.p and the
more accurate direct diagonalization empirical
pseudo potential method (DD-EPM) were
reported in [9]. It was shown that the
commonly used eight band k.p model which
has been used by different authors [10], [11],
did not fare significantly better in terms of
accuracy, for determining the electronic band
structures. Here, we used single band effective
mass approximation, and calculated the
electronic structure precisely. It should be
mentioned that the embedding technique has
been successfully used previously, by number
of authors [12]-[15]. In the frame work of the
envelope function and the effective mass
theory, the Hamiltonian can be written as [12]:

2
H= h V— ! V+V(Xx,Y,2), (1)
2 m(XxY,2)
where,
. m” inQD
m (X,y32)={ : 2)
m° else
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0 in QD

v -
(x.y.2) {AEC or AE, else
3)

in which m”,, and m”",, are the effective

of electrons in GaN and AlGaN
and AE_, and AE, are the

conduction band and valance band
discontinuity, respectively. As we only
consider the transitions in the conduction
band, so we have considered only the
conduction band discontinuity [16]:

mass
respectively,

AE, =07(6.13x +342(1-x ) -x (1-X ) ~E, )&V

9

4)

where E ,is the GaN band gap, and x notifies

Al- molar fraction in the barrier, and has been
considered 0.2 in our calculations. As the
system should be under bias in order to collect
the Photo-excited carriers, the Hamiltonian
should be modified as:

2
H=""y_ 1
2 m(x,y.z)

V4V (x,y,z)+eF-r.

()

where F demonstrates both the external and
built in electric fields. It should be mentioned
that III- nitrides in the wurtzite phase, have a
strong spontaneous macroscopic polarizations
and large piezoelectric coefficients. The abrupt
variation of the polarization at interfaces, gives
rise to a large polarization sheet charges
which, in turn, creates a noticeable built-in
electric field [17]. Therefore, the optical
properties of wurtzite AlGaN/GaN QDs are
affected by the 3D confinement of electrons
and holes, and the strong built-in electric field
in the QDs region, which in turn, causes
simulation of these systems, extremely
challenging task.
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Fig. 2 Energy diagram for the proposed structure,
and the possible transitions, ‘a’ and ‘b’. (I,=l,=9nm,
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Fig. 3 Ground state, first and second excited states
of the unit cell as a function of 1, with 1,=3nm.

The relations for the Built in electric field,
piezoelectric polarizations and the approaches
for solving the Schrodinger equation could be
found in our previous successful work [18]
and all other material parameters could be
found in [19]. We should emphasize, although
the equation of Built in electric field is in one
dimensional, but we have considered it in 3D
by substituting the amounts of each direction
in every stage it should be mentioned that as
reported in [20] the attraction of the
normalized plane wave approach, lies in the
fact that, there is no need to explicitly match
the wave functions, across the boundary of the
barrier and QD materials. Hence this method is
easily applied to an arbitrary confining
potential problem. As more plane waves were
taken, more accurate results were anticipated.
We used nine normalized plane waves in each
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direction to form the Hamiltonian matrix (i.e.
n,,n,,andn, from -4 to 4) and we formed

729*729 matrix. It was found that using more
than 9 normalized plane waves in each
direction takes significantly long
computational time and only about 1 meV
more accurate energy eigenvalues. The energy
Eigenvalues of the considered structure have
been demonstrated in Fig. 2. Ground state,
first and second excited states of the unit cell
as a function of dimension, has been illustrated
in Fig. 3. Results indicate how these levels, by
increasing the QD size, behave.

The oscillator strength, f,, which is one of the

most important factors controlling the
absorption coefficient, a(a)) , can be written

as:

2m”*
fif = 72

(Ei—E¢ )| [ (6)

in which r; 1is the transition matrix element

from initial state to the excited state,

e =<y, |r|w,; >, where y, and v are the

wave functions of the initial and final states,
which obtained from Schrodinger equation.
The high oscillator strength is always
associated with transition to the state, directly
above the initial one, with an s-symmetry to p-
symmetry change. The oscillator strength for
transition from ground state to the first excited
state (‘a’ transition in Fig. 2) was calculated
about 0.2. But as we looked for the transitions,
in the range of 8-12 um, we considered
transition from ground state to the second
excited state. The Oscillator strength for this
transition (b transition in Fig. 2) was
calculated and it is about 3x10°~.

The absorption coefficient is given by:

_ NN e’ r

4 %°” N.(1-n,)f. ,
(1= )y (ho—ha, )2+F2

a -
m geg,C

(7
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where I is the life time broadening which has
been considered 3x107 eV. N, Is the
refractive index of QDs, g, and ¢ are the
permeability of the free space and the medium,

respectively. N, Is the occupation probability
of the initial states, and N, is given by [21]:

o Ei/keT

N. = .
LY e T +J.dgp(5)f (e)/Ng

(8)

where Eg indicate the quantum dot energy

p(&)
states, and K is Boltzmann constant. For the

levels, is the density of continuum

low temperatures, N, =1 and the specific

transition is high, but with increasing the
temperature, the carriers redistributed and the
transition decreases.

The peak of the absorption coefficient for “b”
transition is plotted in Fig. 4. Results indicate
that the absorption coefficient is almost
constant until ~100 K and decreases with
further increasing the temperature. This is a
very important result, which will affect the
detector all parameters at high temperatures.
This behavior seems to be correct, because: As
the temperature increases, more electrons
occupy the lower states of the quantum dots.
As long as, there are unoccupied excited states
available, the electrons in the lower states, can
participate in photon induced intraband
transitions. However, a further increase in the
number of electrons in the quantum dots,
which results from the increase in dark current
at higher temperatures, will cause a decrease
in the number of unoccupied excited states
and, consequently, a decrease in the absorption
coefficient.

Figure 5 indicates the behavior of optical
absorption of the structure with different QD
sizes for the transition indicated as “b” in Fig.
2. It is obvious that by increasing the size of
QD, the peak of the absorption increases and
there is a red shift which can be related to
increasing of the oscillator strength, and
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decreasing of the energy levels difference,
respectively.
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Fig. 4 The peak of absorption coefficient for the
transition ‘b’ vs. temperature. The GaN QD size in
x-y plane and z direction is considered
(1=1,=10nm, and 1,=3 nm), respectively.

As mentioned above, QD structures have long
excited state lifetime, due to the reduced
electron-phonon scattering. The long excited
state lifetime not only allows efficient
collection of Photo-excited carriers but also
leads to high photoconductive gain and photo-
responsivity [22]. The responsivity is one of
the  most important  parameters  of
photodetectors which depends on gain and
quantum efficiency.

The gain is defined as the ratio of the mean
free path of the electron to the width of the
sample, or the ratio of the recombination time
to the transit time as:

uF
= s 9
g LC,, ®

where, C,, is the quantum mechanical capture
rate into the QD excited state. Estimates for
the Cpe in the literatures, are in the range of
~10" =10 Hz for shallow excited states,
which are reachable by acoustic phonon
emission, and is about ~ 10" for deep levels
[23], [24]. u is the mobility of the electron,

which has been successfully demonstrated, in
our previous work by considering all
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scattering mechanisms, and the effects of
temperature and electric fields [25].
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Fig. 5 The behavior of absorption vs. the photon
energy for different QD sizes in T=77 K
(I=1y=10nm, and 1,=3nm).

The Quantum efficiency is defined as [26]:

v.e —Ee (F)/kgT
n=a(w)L = , 10
VO +Vece Eec(F)/kBT ( )
where E. is the effective field dependent

energy difference between the photo-excited
state and the continuum V, is the phonon

assisted escape to continuum prefactor and
expected to be weakly temperature dependent

and is considered about~10"Hz. Vv, Is the

relaxation rate from the photo-excited state to
all other states and considered ~ 10" Hz and L

is the device length in the ‘Z’ direction.
Responsivity of the photodetector is the ratio
of its output electrical signal, either as a

current, |, or a voltage, V ,, to the input

out
optical signal, expressed in terms of the
incident optical power, Py, . By considering the
relations (12) and (13) the responsivity can be

written as:

e
R=—qn. 11
hwgﬂ (11)
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By considering the normalized responsivity as,
Eec (F )/ kgT

v e
= Eec (F)/kgT ]F ? [18]
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Fig. 6 The logarithm of normalized responsivity as
a function of the external electric field for the

different temperatures in
(1=l=10nm and 1,=3nm).

GaN QDIP with

In Fig. 6, the logarithm of the normalized
responsivity versus applied fields for different
temperature, for escape energy of ~30 meV,
are presented. As depicted in the figure, for
high electric fields, the normalized
responsivity is almost independent of
temperature.

Fig. 7 shows the normalized responsivity as a
function of temperature, at several applied
electric fields, for escape energy of ~30 meV.
As expressed in the figure, the normalized
responsivity has a maximum values for the
temperature range of ~130-180 K. As can be
deduced from the relations, there is two main
sources for temperature dependence of the
responsivity, current gain and quantum
efficiency. It is well known that, there is a
direct relationship between the maximum
value of the absorption coefficient, and the
quantum efficiency. Our calculations exhibit
the reduction of the absorption coefficient with
temperature. So the reduction of the quantum
efficiency is expected, by increasing the
temperature. It will decrease the responsivity
in turn.
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Fig. 7 Temperature dependent of the normalized
responsivity for different external electric fields in
GaN QDIP with (1,=1,=10nm and 1,=3nm).

Wang et al. have discussed temperature
dependent behavior of the responsivity of
InAs/GaAs quantum dot infrared
photodetectors intelligently, in their excellent
publication [4]. They have illustrated that
temperature dependant of the responsivity is
mostly affected by the current gain. They have
calculated dramatic change of the current gain,
and tried to explain its behavior, by the
repulsive coulomb potential of the extra
carriers in the dots. It will cause the capture
probability decrease, with temperature, which
leads to enhancement of optical gain.
However, this effect is not included in our
calculations, due to having no explicit
expression for the capture decrease in GaN
structures. It is obvious that including this
parameter in calculations leads to improving
the optical responsivity. There is other
superior publication [27], which indicates the
increase of responsivity by temperature, but
the important point is that, this investigation is
until~190 K, but our calculations support
higher temperatures until 300 K.

Therefore our rough and theoretical
calculation indicates that, the increasing of the
temperature increases the current gain as well
the responsivity. With further increasing the
temperature N, starts to decrease, therefore the

absorption coefficient and quantum efficiency
decreases and it makes a reduction in the
responsivity.
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The most important parameter, which restricts
the detectivity of the optical detectors, in high
temperatures, is dark current. There are some
good discussions about the dark current
mechanisms, in the literatures [7], [28], [29].
In this paper we tried to develop the theory of
the dark current using a rate equation approach
similar to the ones in the literature [30], except
that the capture C,, and escape rates W,

between the band and quantum level ‘s’ are
treated as quantum mechanical rates and path
sums. Therefore the general expression for the
dark current can be written:

_ AeuFN, fowg,

|, = . 12
‘ (1-n,)Cp. 5 £1+ wf. (12
(1-n,)C,

where f is the Fermi distribution function for

the s"energy state, A is the illuminated area
of the device, (1-n,) is the probability that

the state is empty. W, is the escape rate from
Photo-excited state to continuum [26].

AeuFNG - the
(1-n,)C,,

logarithm of the dark current versus applied
electric field at different temperatures has been
plotted in Fig. 8 and also the logarithm of
normalized dark current versus temperature
inverse for different applied electric field has
been shown in Fig. 9. Results illustrate that, at
low temperatures, the dark current increases
rapidly as the bias is increasing. This can be
attributed to the rapid increase of electron
tunneling between the QDs. As the bias
increases, more electrons occupy the quantum
dots, which results an increase in the average
sheet electron density. When a large fraction
of the quantum-dot states are occupied, further
increase in bias, does not significantly alter the
sheet electron density. This causes a lowering
of the energy barrier for injected electrons at
the contact layers, and linearly decreases of
the dark current activation energy, which
results in the nearly exponential increase of the
dark current. At high bias, the activation
energy was close to ~KkgT , which results in

By  considering

I 0
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high dark current, even at low temperature. It
is deduced from the results that dark current
truly activated at high temperatures. Although

high values for Cee will decrease the gain, but
have advantage that will decrease dark current
too. So structures with high densities of QDs
might be useful and have a better performance
in suppressing the dark current effects. It
should be mentioned that the proposed
structure has a less dark current in comparison
to the structures introduced in Ref [26],
[31].This can be attribute to the materials
which have been used in our considered cell.
The development of high performance infrared
detectors, therefore, still requires a better
control of the physical properties of the
quantum dots; these properties include dot
size, density, and spatial distributions [32].
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Fig. 8 The logarithm of the dark current versus
external electric field for a GaN QDIP at different

temperatures

Our calculations indicate a better result for the
responsivity of this structure in comparison to
our recent publication [18], in which we used a
capping layer in the structure. So it
demonstrates that in the structures with
capping or blocking layer, for reaching an
adequate responsivity, a higher bias should be
imposed than the one, which have been used in
this paper. But as it is evident from the Figs 8
and 9, the dark current is exceptionally bigger
than the one in [18], so it is predicted that the
specific detectivity will be very smaller than
the structure including a capping layer [18].
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Fig. 9 The logarithm of the GaN QDIP dark current
versus temperature inverse, 1/kyT . Each curve

presents dark current in a fixed applied electric
field.

Although the responsivity of a photodetector,
gives the measure of the output signal of the
detector, for a given optical input signal, but it
does not give any information about the
sensitivity of the device. The figure of merit
used to evaluate the performance of most
detectors, is the specific detectivity (D¥*),
which is defined as [33]:

_ Responsivity x JA _ RVAAf

D” = 13
Noise/ VAf Iy (1)

In this relation i, is the noise current and
defines as i, =./4el,gAf , Af is the band

width frequency and we considered it~ 1.

Fig. 10 indicates the variation of the specific
detectivity with external electric field at T=66
K. One can observe that the increasing of the
responsivity by the applied bias will increase
the detectivity. By further increasing of the
applied electric field, the raise of the dark
current overcomes the responsivity, so the
detectivity  decreases. Fig. 11, shows
temperature  dependant of the specific
detectivity, in the applied bias of ~ 0.5V .
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Fig. 10 The variation of the specific detectivity for
GaN QDIP (Ix=ly=10nm and 1z=3nm) with external

electric field in T=66 K.

50 100 150 200 250 300
T(K)

Fig. 11 The variation of the specific detectivity as a
function of temperature for GaN QDIP
(Ix=ly=10nm and 1z=3nm ) in applied bias of 0.5 V.

The results are representative of high values
for specific detectivity, in comparison to the
similar structures which have been studied
previously. Xuejun Lu et al. reported in [34],
the peak specific photodetectivity of
3.8x10° cmHz"? /W and 1.3x10° cmHz"? /W
at the detector temperature T =78K and
T =170K, respectively. Zhengmao Ye [35]
give an account that for the photoresponse
peaked at 6.2 um and 77 K for -0.7 V bias, the
responsivity was 14 mA/W and the detectivity
was 10'° cmHz"? /W . Bhattacharya et al. [36]
reported the some deal high detectivity, about
8.6x10°cmHz"* /W , in 17um wave length
for 300 K temperature and in the other work
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they reported 6x10°<D” (CmHz V2 W )S 10"
for temperatures 100K <T <200K [37, 38].

111.CONCLUSION

As finding an appropriate material and
structure, is the presentiment of the physicists
or material scientists, here we tried to
investigate nitride materials, which their
specific properties, give hope to design
detectors, with ability of working at high
temperatures and in long wave length infrared.
Temperature behaviour of detector parameters
is the important aim of this work. So, the
detector parameters, such as responsivity, dark
current and the detectivity were evaluated
precisely, by considering their temperature and
field dependences. The structure studied is
sufficiently general, so covers a large rang of
possible device types. Due to better 3-D
confinement of carriers, possibility of
operating in high temperatures was observed.
Although the results demonstrate a better
amounts in both responsivity and detectivity
for the considered structure in comparision to
the III-V structures but it again approves the
importance of using a capping and blocking
layers in order to reach a higher detectivity in
these detectors. Also the results indicate that
the wide band gap and the large band offsets
of the III-N systems give hope to band
structure engineering for further improve of
the detector parameters at high temperatures.
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