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Abstract In this paper, we presented a numerical
analysis of absorption coefficient, dark current and specific
detectivity for InAs/GaAs quantum ring inter-subband
photodetector (QRIP). 3D Schrödinger equation was
solved using finite difference method and based on
effective mass approximation. Dimensions of quantum
ring (QR) were considered that inter-subband transition
was to be accomplished for radiations of 20 µm. Resonant
tunneling (RT) barriers were designed with tunneling
probability of unity for electrons with energy of 0.062 meV
to lower dark current of conventional QRIP. Numerical
analyses show that inclusion of RT barriers can reduce dark
current for about two orders of magnitude. Furthermore,
specific detectivities for conventional QRIP and RT-QRIP
were calculated respectively, and results at different
temperatures were compared. It is suggested that specific
detectivity for RT-QRIP is one order of magnitude higher
than that for conventional QRIP. It is suggested that RT
barriers considerably improve the specific detectivity of
conventional QRIP at different temperatures.

Keywords quantum ring inter-subband photodetector
(QRIP), dark current, spacefic detectivity, resonant tunnel-
ing (RT)

1 Introduction

Detection of infrared (IR) and terahertz (THZ) frequencies
has attracted many interests because of its wide applica-

tions in the areas of night vision, thermal imaging,
chemical analysis, nondestructive detection and remote
sensing [1]. Recently, a new structure called quantum ring
(QR) has been proposed to be used in the active region of
semiconductor photodetectors, and quantum ring inter-
subband photodetector (QRIP) can be designed to detect a
wide range of electromagnetic frequencies from IR to THZ
[2,3]. Detection of THz frequencies with cutoff wave-
length at 175 μm using In(Ga)As QR photodetector has
been reported by Lee et al. [4]. Bhowmick et al. have also
reported high performance QR detector for 1–3 terahertz
range with peak responsivity of 25 A/W, specific detectiv-
ity of 1� 1016 (cm$Hz1/2)/Wand a total quantum efficiency
of 19% [5]. However, because of more confinement in QR,
the energy levels are closer to conduction band edge and
hence it is expected to have higher dark current for a QRIP
compared to other types of low dimensional semiconductor
photodetectors. Dark current is an important factor which
can affect the performance of any detector, and it must be
as small as possible to attain high operation temperature
and enhance specific detectivity. Huang et al. applied
resonant tunneling (RT) barriers to suppress dark current of
QRIP and enhance operation temperature and specific
detectivity [6]. In this paper, first the electronic energy
states and wave functions were obtained by numerical
solution of 3D Schrödinger equation using finite difference
method. Based on inter-subband transition, absorption
coefficient was calculated and then dark current character-
istics of a conventional InAs/GaAs QRIP were studied.
Also, we showed reduction of dark current by inclusion of
RT barriers and then specific detectivity for RT-QRIP was
calculated and results were compared with conventional
QRIP.
The paper is organized as follows: numerical analysis

and simulation results are given and discussed in Section 2,
the paper is concluded in Section 3.
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2 Numerical analysis and simulation results

2.1 Eigenstates and eigenvalues within QR

To evaluate performance characteristics of a QRIP, it is
needed to obtain eigenstates and eigenvalues within QR.
For this purpose, we solve 3D Schrödinger equation for
QR based on effective mass approximation and using finite
difference method. 3D Schrödinger equation is equal to
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where m* is electron effective mass, and V(x,y,z) is 3D
confined potential energy as follows [7]:
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where Ec is the energy of conduction band edge between
ring and barrier materials, mi and mo are electron mass in
InAs ring and GaAs barrier, respectively, R1, R2 and z are
inner and outer radius and height of QR, respectively. We
numerically solve the equation for InAs/GaAs structure to
obtain the electronic energy levels and wave functions
within the ring.
The conduction band edge energy of GaAs barrier is

changed from 0.77 to 0.513 eV due to high level of strain
in this structure. Also, because of non-parabolic energy
bands which are originated from higher orders of strain
within ring, the effective mass is energy dependent.
Position and energy dependent effective mass resulted
from higher strain can be calculated using the following
equation [8]:
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where p is momentum, E is electron energy, Eg is bandgap
energy, and Δ is split-off energy. Using this equation, the
effective mass of electron can be calculated by an iterative
process.
In our calculations, we have considered QRs with

dimensions of 10, 25 and 2 nm as inner and outer radius
and height of ring, respectively. The obtained wave
functions by solving 3D Schrödinger equation for ground
state and first excited stated are shown in Figs. 1(a) and 1
(b), respectively.

2.2 Inter-subband absorption coefficient

To calculate the inter-subband absorption coefficient for
our QRIP, we use the following relation [9]:
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where q is electron charge, c is speed of light, Vac is
effective volume of a QR layer, a is incidence light
polarization vector, Pfi is momentum matrix element and
Nð ὼÞ is density of states which can be calculated from
[10]:
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Fig. 1 (a) Isosurface of ground eigenstate of InAs/GaAs QR;
(b) isosurface of first excited eigenstate of InAs/GaAs QR
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where Efi is transition energy between subbands of f and i.
The first term in Eq. (6) corresponds to Lorentzian function
with line-width of γ̀fi, which appears due to different
phonon scattering mechanism and thermal broadening of
energy states. Also, due to self-assembled growth
technique, all QRs do not have identical dimensions and
hence energy levels would not be same for all rings. Such
non-uniformity leads to a broadening in energy levels and
is modeled as inhomogeneous broadening (IHB) which
appears as a Gaussian function in equation with line-width
of σ. Using Eq. (5), we calculate the inter-subband
absorption coefficient and results are shown in Fig. 2 for
different homogeneous broadening (HB) energies. Accord-
ing to Fig. 2, absorption peak decreases as HB increases
from 2 to 10 meV. However, when IHB is 40 meV, the
reduction effect of HB can be neglected. Because of large
dipole momentum between ground state and first excited
state, we consider the transition between these levels and
neglect transitions between other energy states. As can be
seen, absorption coefficient is around 4.3 � 104 cm–1 at
wavelength of 20 µm for HB of 5 meVand IHB of 15 meV.

In order to investigate the influence of QR dimension on
photodetector performance, absorption spectrum of QRs is
calculated as a function of wavelength for different values
of outer radius and results are shown in Fig. 3. As can be
seen, absorption spectrum experiences a redshift from 20
to 45 µm when outer radius increases from 25 to 40 nm.
Changing the QRs dimension leads to decreasing the space
between energy levels within QRs, and hence radiations
with higher wavelength can be absorbed. This fact can be
used for designing wavelength tunable QRIP through
changing QRs dimension.

2.3 Dark current

Dark current for QR detector is originated from thermally
excited electrons when there is no incident light, and it can
be written as [11]

IDðV Þ ¼ qnðV Þ�ðV ÞA, (7)

where �ðV Þ is the average electron drift velocity in the
barrier material, A is the detector area and n(V) is density of
thermally electrons which can be calculated from [11]

nðV Þ ¼ !NðEÞf ðEÞTðE,V ÞdE, (8)

where f ðEÞ is Fermi-Dirac distribution function, TðE,V Þ is
the transmission probability through device and NðEÞ is
the density of states expressed by [11]
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where ND is the density of quantum dot surface, Lp is the
absorption length, Ei is the energy levels within QR and
H(E) is the step function. The first term in Eq. (9)
corresponds to density state of QR, the second term
expresses the wetting layer density of states which Ew is
wetting layer energy, and the last term describes barrier
bulk density of states with conduction bandage energy of
EC.
Figure 4 shows the calculated dark current as a function

Fig. 2 Absorption coefficient of QRIP as function of wavelength
for different values of homogeneous broadening (inset figure
shows absorption coefficient of QRIP versus wavelength for
different values of HB when inhomogeneous broadening is
40 meV)

Fig. 3 Absorption coefficient of QRIP as function of wavelength
for different values of outer radius with R1 = 10 nm and H = 2 nm
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of applied bias for different temperatures. According to
figure, dark current increases with applied bias which
means that dark electrons move with higher drift velocity.
On the other hand, for higher temperatures, dark current
reaches to higher levels which describe thermally nature of
generated dark carriers. Such an increase in dark current
results in reduction of overall performance and hence the
operation temperature of QRIP is limited. Results show
that the dark current for 80, 120 and 160 K at 0.4 V is in the
order of 10–6, 10–3 and 10–1 A/cm2, respectively. According
to results incorporation expensive and large cryogenic
cooling systems for improvement the operation tempera-
ture is mandatory. To attain higher specific detectivity at
higher operation temperature, a QRIP with low dark
current is desired. Low dark current QRIP can be realized
using RT barriers which blocks thermally excited elec-

trons. This structure consists of two AlGaAs barriers and
one InGaAs well which provide an identical pass with
transmission coefficient near unity. Only the photons with
energies of inter-subband transition between QR states and
this tunneling state can be absorbed and make photo-
current. Figure 5 shows the heterostructure schematic of
RT-QRIP and one period of its conduction band profile
with RT barriers. We calculate tunneling probability for the
structure and result is shown in Fig. 6. According to figure,
tunneling probability is unity for electrons with energy of
0.062 eV which corresponds to inter-subband transition
energy of 20 µm and reduces rapidly when the electrons
energy moves away from resonance energy. Figure 7
shows calculated dark current for RT-QRIP. Results
show that the dark current is in the order of 10–2, 10–4

and 10–8 A/cm2 for temperatures of 160, 120 and 80 K at
0.4 V, respectively. It is evident that dark current of RT-
QRIP reduces compared to the dark current of conven-
tional QRIP. For better comparison, dark current of
conventional QRIP and RT-QRIP are sketched in Fig. 8
as a function of temperature and for bias voltage of 0.4 V.
According to figure, although the dark current increases
with temperature, however RT barriers considerably lower
the dark current compared to conventional QRIP.

2.4 Specific detectives

Specific detectivity (D*), is a main characteristic figure of
merit used to rate detector performance and equal to
inverse of noise equivalent power (NEP) and can be
calculated from [12–15]

D* ¼ R

ffiffiffiffiffiffiffiffiffi
AΔf

p
in

, (10)

where Δf is the bandwidth, R is responsivity and in is
the noise current of the device and is equal to

Fig. 4 Dark current of QRIP versus bias voltage for different
temperatures

Fig. 5 Schematic of RT-QRIP, and the inset depicts one stack of QR layers with RT barriers
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in ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4qIDgnΔf

p
, where gn is noise gain.

Lower value of dark current leads to higher level of
specific detectivity and hence one can expect an enhanced
specific detectivity for RT-QRIP due to its low dark
current.
Figure 9 illustrates the calculated specific detectivity for

conventional InAs/GaAs QRIP versus bias voltages for
different temperatures. For higher bias voltage, the specific
detectivity decreases due to the increase in dark current.
Also, as can be seen from the figure, for higher
temperatures, the specific detectivity of conventional
QRIP is reduced due to strong dependence of dark current
on temperature. According to Fig. 9, D* is in the order of
~106, ~107 and ~109 (cm∙Hz1/2)/W at 160, 120 and 80 K,
respectively.

To investigate the influence of inclusion RT barriers, we
calculate the specific detectivity for RT-QRIP and the
results are shown in Fig. 10. According to the figure, D* is
in the order of ~107, ~108 and ~1010 (cm∙Hz1/2)/W at 160,
120 and 80 K, respectively. It is evident that specific
detectivity is increased in comparison to conventional
QRIP. However, the degradation of this parameter with
bias and temperature still remains.
Temperature is a critical parameter, which can affect the

performance of a photodetector. High operation tempera-
ture photodetectors are desired to avoid incorporation of
large and high cost cryogenic cooling systems. Figure 11
shows the dependence of conventional QRIP and RT-QRIP
specific detectivity on temperature at applied bias of 1 V.
As we expect, D* is higher for RT-QRIP than conventional
QRIP due to lower dark currents. According to Fig. 11,
using RT barriers leads to enhancement of specific
detectivity about two orders of magnitude for temperature
of 80 K and about one order of magnitude for temperature
of 160 K.

Fig. 7 Dark currents of RT-QRIP at different temperatures

Fig. 8 Dark currents of conventional QRIP and RT-QRIP versus
temperature at 1 V

Fig. 9 Specific detectivity of conventional QRIP versus bias
voltage for different temperatures

Fig. 6 Calculated tunneling probability for RT structure
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3 Conclusions

Numerical analysis of absorption coefficient, dark current
and specific detectivity of QRIP was presented. By solving
3D Schrödinger equation, wave functions and energy
levels within ring were calculated. It was shown that QRIP
has absorption coefficient peak about 4.3 � 104 cm–1 at 20
µm wavelength. Dark current and specific detectivity of
QRIP with and without using RT barrier was studied.
According to results, inclusion of RT barriers reduces dark
current of QRIP for about two orders of magnitude. It is
suggested that RT barriers considerably improve the

specific detectivity of conventional QRIP at different
temperatures.
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