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a b s t r a c t

We demonstrate the highly promising p-i-p InAs/GaAs quantum dots based infrared photodetector
(QDIP) which utilize intra-valence band hole transitions as against electron transitions operating at high
temperatures. The photoluminescence spectroscopy at 9 K exhibited the ground state emission peak at
986 nm. The spectral response measured reveals the short wave infrared (SWIR) detection with a high-
intensity peak at a wavelength of 2 mm. The measured dark current density at 77 K was 0.448 A/cm2 for
an applied voltage of �1 V. The spectral response peak and blackbody signal measurements were
recorded up to 245 and 270 K, respectively. Fabricated detector exhibited high confinement energy of
82.1meV measured using temperature dependent current-voltage characteristics. We report high tem-
perature infrared detection at 225 K in the short wave infrared regime with a peak responsivity of 3.813
A/W and a specific detectivity of 2.189� 1010 cmHz1/2/W. In order to study the electronic properties of
InAs/GaAs QD, a theoretical model is developed in which Vegard's law is applied to solve 3D-Schrodinger
equation, which makes use of concentration-dependent equations for light hole and heavy hole masses
instead of the effective mass approximation of holes. This study demonstrates the necessity of exploring
hole-transitions rather than the conventional electron-transitions in QDIPs in order to achieve high
temperature of operation and improved device efficiency.
1. Introduction

The quantum dot infrared photodetector (QDIP), one of the
emerging devices in the field of infrared (IR) detection, has been
investigated extensively in the past few decades, owing to its
excellent carrier confinement and normal incidence photo-
response [1]. QDIPs are suitable candidates for mid wave infrared
(MWIR) as well as long wave (LWIR) infrared detection [2e17] and
it is the inter-subband transitions occurring between the confined
states in the QDs and the continuum or the quasi-bound states in
the conduction band that is responsible for their IR detection [18].
nandachakrabarti@gmail.com
The three-dimensional confinement of carriers assuring normal
incidence detection, along with the delta-like density of states and
reduced phonon scattering result in improved device characteris-
tics, i.e. low dark current and long lifetime of photocarriers [19,20].
Lower dark currents imply that a higher signal-to-noise ratio (SNR)
can be achieved even at higher temperatures thus extending the
operating temperature of QDIPs [19]. QDIPs in which self-
assembled quantum dots are grown using molecular beam
epitaxy (MBE) following the StranskieKrastanov (S-K) growth
mode [21e23] have shown interesting results, but its performance
is nowhere near to the current HgCdTe detectors [24].

Heterostructure devices employing quantum dots (QDs) and
dots-in-a-well (DWELL) designs, based on n-type electrons have
demonstrated significant progress in the literature [25e27].
Nevertheless, p-type QDIPs were not explored considerably. When
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p-type QDIP designs are employed, it should be taken in to account
that the majority carriers will be holes instead of electrons, which
gives rise to some unique characteristics, such as higher effective
mass of the holes and optical transitions between heavy hole states,
light hole states and spin-orbit split-off states in the valence band
[27]. Transitions associated with inter-valence subband result in a
broad spectral response and larger effective mass of holes which
implies the dark current is less than that of electron conduction and
improved density of states and hence enhancement in absorption
and these interesting properties make them suitable candidates for
high-temperature operating photodetectors [27e29]. In this work,
we report a p-i-p InAs/GaAs QDIP operating through intra-valence
band optical transitions which can be operated at high tempera-
ture. A detailed material and device characterization of MBE grown
p-i-p detector along with simulation are reported in this paper.
2. Experimental

2.1. Epitaxial growth

The heterostructure of the QDIP was grown using solid-phase
molecular beam epitaxy (Riber Sys 14020 Epineat) on a semi-
insulating GaAs (100) substrate. The structures and parameters
adopted in QD growth have been optimized. The device hetero-
structure is shown in Fig. 1. P-type (beryllium-doped) GaAs contact
layers of 650 and 200 nm thickness were grown at the bottom and
top, respectively. 2.7-monolayer coverage of InAs was maintained
during the QD growth at a growth temperature of 490�C. The
optically active layer comprises of 10 layers of InAs quantum dots
with a successive GaAs. In addition to the active region, the device
heterostructure consists of a 200 nm buffer layer (GaAs), 650 nm
Be-doped bottom contact layer (p þ GaAs 590�C) and 90 nm
intrinsic layer (i-GaAs). The growth temperature for the active layer
of the samples was 490�C while maintaining the same growth rate.
2.2. Optical and structural characterization

For optical characterization, photoluminescence (PL) measure-
ments were carried out from 9 K to 300 K. The samplewasmounted
in a closed-cycle liquid helium cryostat and it was irradiated by a
diode-pump solid-state laser (25mW, 532 nm). A 600 g/mm
Fig. 1. Heterostructure of p-i-p InAs/GaAs QDIP.
grating in a 750mm focal length spectrometer was used to disperse
the luminescence signal from the sample and an InGaAs array de-
tector cooled with liquid nitrogen was used to detect the same.
Photoluminescence excitation (PLE) spectroscopy provides some
additional optical information to that obtained by PL spectroscopy,
where at a fixed emission wavelength, is varied the excitation
wavelength for studying the higher energy peaks appearing from a
single quantum dot. The picosecond time resolved photo-
luminescence (TRPL) transients were recorded using a time corre-
lated single photon counting (TCSPC) methodology. In this study,
the excitation source used was Picosecond pulsed lasers of Pico-
quant (510 nm). The excited state carrier lifetime can be obtained
by fitting the PL decay curves using the Scientist software. Trans-
mission electron microscopy (TEM) images of the multi-layered QD
heterostructure were taken using FEI made high resolution trans-
mission electron microscopy (Tecnai G2, F30 model).

2.3. Device characterization

For the fabrication of QD heterostructure, a detector mesa of
0.6mm� 0.6mm was designed and was proceeded with the
standard two-step photolithography process. The sample spin-
coated with photoresist was mask-aligned and exposed with UV
light using Double Side Aligner (EVG 620) followed by wet-etching
to transfer the mesa pattern. The etchant solution was prepared by
mixing phosphoric acid (H3PO4), hydrogen peroxide (H2O2), and
de-ionized (DI) water in the ratio of 3:1:20. Patterning of the con-
tacts was obtained by second-level lithography. A metal stack of Pt-
Ti/Pt/Au was deposited using an electron beam evaporator and lift
off for achieving low-resistance ohmic contact on pþGaAs. In order
to reduce the contact resistance, low-temperature (400�C for 30 S)
annealing was performed that would improve the intermixing of
the layers. The fabricated device was wire bonded to a 64-pin
leadless chip carrier (LCC). For optoelectronic characterization, it
was then loaded into a liquid nitrogen pour fill cryostat. The dark
current noise as a function of applied voltage, spectral response and
blackbody response were measured at different temperatures.
Fourier transform infrared (FTIR) spectrometer (Thermo Fisher
IS50R) was used to record the spectral response measurements. For
the signal measurement, a blackbody at 627�C was used as the IR
source and network analyzer (SR 770 FFT). The temperature
dependent dark current vs. voltage measurements were performed
using a source meter (Keithley 2400). Temperature-dependent
photoluminescence (PL), photoluminescence excitation (PLE), and
spectral measurements were also performed.

2.4. Theoretical modelling

For studying the electronic properties of InAs/GaAs QD, a
theoretically simulated model is developed. The as-grown QDs are
assumed to be composed purely of InAs, considering In concen-
tration (Cin) inside the dot and wetting layer as unity and outside
the dot in the barrier material as zero. A concentration-dependent
strain model incorporating indium (Cin) and gallium (1-Cin) con-
centration profiles is considered in the model to simulate the InAs/
GaAs QDIP heterostructure. At the dot interface, the inter-diffusion
process was modeled using Fick's second law [30]. Using the
Schrodinger equation that incorporates the strain estimated using
the concentration-dependent model, the ground-state energies of
electron and hole are calculated. The finite-difference approxima-
tion is used with the Dirichlet boundary conditions imposed on the
wavefunction. The resulting eigenvalues from solving Hamiltonian
matrix are considered as the equivalent energy levels. An iterative
Poisson equation is employed to account for exciton energies. The
parametric equations and details about the model are reported in



H.Ghadi et al. [31]. For the simulation, we have considered the
shape of InAs QDs as trapezoidal or truncated pyramid. S. Sengupta
et al. reported that the compressive strain originating from the
interface of InAs QD with GaAs capping layer might be the reason
for forming trapezoidal QDs [32]. Another reason for considering
the shape of InAs QD as a truncated pyramid or trapezoid for the
simulationwas it being the most stable geometry having minimum
energy. InAs QD's dimensions for the simulation (see Fig. 2) are
considered to be 17 nm (bottom base), 12 nm (top base), and 2 nm
(QD height) as obtained from transmission electron microscopy
(TEM) analysis.

In this model, Vegard's law is applied to solve 3D-Schrodinger
equation, which makes use of concentration-dependent equations
for light hole and heavy hole masses instead of the effective mass
approximation of holes and is shown below.

mhh¼mhh (InAs)*Cin þ mhh (GaAs)*(1- Cin) (1)

mhh ¼ 0.41*Cinþ0.45*(1- Cin) (1a)

mlh¼mlh (InAs)* Cin þ mlh (GaAs)*(1- Cin) (2)

mlh ¼ 0.024* Cin þ0.076*(1- Cin) (2a)
Fig. 3. Photoluminescence spectra as a function of wavelength (a) temperature
dependent PL at 25mW and (b) power dependent PL at 9 K.
3. Results and discussion

3.1. Optical characterization

3.1.1. Photoluminescence spectroscopy
The emission properties of the sample were examined with PL

experiments. Fig. 3(a) shows the temperature dependent photo-
luminescence spectra as a function of wavelength from low tem-
perature (9 K) to room temperature (300 K). The low temperature
Photoluminescence peak was observed at a wavelength of
986.1 nm. This single prominent PL peak is because of the transition
from the ground state of the electron to that of the hole (Ec1-Ehh1).
The room temperature PL peaks were observed at 884 nm,
962.6 nm and 1095.2 nm (main peak). The peak at 884 nm corre-
sponds to 1.403eV and is therefore due to GaAs transitions. It is
observed that as the temperature increases, the lower wavelength
side of the PL spectra decays very fast, while the higher wavelength
side retains its shape up to high temperatures. Inhomogeneity in
Fig. 2. Simulation of InAs QDs.
the quantum dot-size and density results in a higher value of full
width at half maxima (FWHM). If the FWHM broadens with respect
to increasing temperature, it indicates the multimodal distribution
in size of the quantum dots. The high energy PL peaks correspond
to the smaller sized QDs whereas the low energy PL peaks are from
the larger sized QDs. There is an inevitable possibility of carrier
escape from the smaller QDs to adjacent QDs via tunneling.

When kBT and exciton binding energy become comparable,
some carriers get free for, after the dissociation of excitons, they can
be free from the confined QDs due to tunneling between neigh-
boring QDs [33]. With further increase in temperature, FWHM in-
creases due to the electron-phonon scattering and thermal re-
distribution of carriers. The multimodal behavior of PL discussed
here demonstrates that in a multimodal QD size distribution, there
occurs some carrier transfer between various dot families as the
temperature rises [33].

Fig. 3(b) shows the power dependent photoluminescence
spectra as a function of wavelength at low temperature (9 K). The PL
peak shifts from 987.9 nm to 986.1 nm as the power is increased
from 0.5mW to 25mW. The peaks get slightly shifted towards the
higher energy side as the excited power density is increased. A
significant increase in the relative intensity of the emission bands at
lower wavelengths with an increase in excitation power can be
explained by the additional optical transitions occurring among the
excited states of larger QDs [33].

3.1.2. Photoluminescence excitation spectroscopy
Photoluminescence excitation (PLE) is one of the variations of PL

where the emission wavelength of the sample is fixed and the
frequency of the excitation light is varied. PLE helps in examining



Table 1
Experimental and theoretical PLE peaks for different energy transitions.

Experimental Peak (eV) Transition Theoretical Peak (eV)

1.289397 Ec1-Ehh0 1.29891
1.300772 Ec1-Elh0 1.30962
1.316055 Ec1-Ehh1 1.31842
1.32869 Ec1-Elh1 1.32986
1.34809 Ec2-Ehh1 1.3501
1.360992 Ec2-Elh1 1.3659
1.391617 Wetting layer
1.462523 Quasi-bound states 1.46409e1.4921
1.516541 GaAs Transitions 1.516

Fig. 5. Time resolved photoluminescence spectra at room temperature. The green one
is for detection wavelength 970 nm and the red one is for detection wavelength
1100 nm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
the electronic structure by identifying different energy level
transitions.

Fig. 4(a) shows the measured PLE response at 9 K in which the
energy level transitions obtained from the simulation are depicted
and Fig. 4(b) illustrates the schematic diagram of energy levels. The
emission wavelength in the PLE spectra is fixed at ground state
(996 nm) and the sources of transitions which will result in, is
recorded by changing the input source wavelength. Two distinct
peaks were recorded at 1.289 and 1.301 eV corresponding to first
excited state to heavy hole state and other from first excited state to
light hole state in the valence band, respectively. The ratio of con-
duction band offset to valence band offset was calculated as 69/31
and is used in the theoretical model. The other distinct peaks at
1.392, 1.463 and 1.517 eV can be attributed to transitions between
the wetting layer, quasi-bound states and bandgap transition in
GaAs, respectively. The dominant emission peaks from light holes
and heavy holes state in PLE spectra suggest the presence of high
electronic coupling which will be beneficial in achieving high
temperature photodetector operation. The energy level transitions
in proposed p-i-p structures were calculated from PLE spectra and
compared with the theoretical model. The values obtained were in
good agreement with experimentally achieved PLE peaks (Table 1).
The hole states become denser at the higher energy portion of the
HH confinement potential because of which, a continuum of lightly
bound states exists [34]. The decrement in the difference of the
energy levels of the excited states as the order of transition in-
creases corroborates the preciseness of the model and provides us
with energy levels of the ground state as well as higher excited
states [31].

Table 1 shows the comparison of experimental and theoretical
PLE peaks for different energy transitions. The transition Ec1-Ehh0
corresponds to PLE peak at 1.289397 eV which is in agreement with
the simulated peak at 1.29891eV.

3.1.3. Time resolved photoluminescence spectroscopy
In bulk semiconductors, the carrier relaxation time is very short,

of the order of 0.1 ps, while quantum dots and dot-in-a-well
(DWELLs) structures have longer carrier lifetimes (up to nanosec-
onds) [19,20,35], which ultimately result in improved photocon-
ductive gain [19,20] and higher operating temperatures [36]. It is
the electron-hole scattering [19], not the phonon scattering that
limits the carrier relaxation time in QDs. The charge carrier dy-
namics of a semiconductor device depends on the device archi-
tecture and its function. It also implies the wafer quality. Time
resolved photoluminescence is an efficient technique used for the
analysis of charge carrier lifetime down to sub-nanoseconds time
scale. Fig. 5 shows TRPL spectra at room temperature for an
Fig. 4. (a) Photoluminescence excitation spectra as a function of energy in which the energy
of energy levels.
excitation wavelength of 965 nm.
A photoexcited carrier can undergo various relaxation pro-

cesses; it can return to the QD ground state or escape from the
quantum dot and drift in the electric field, to relax into another QD,
or even may get collected by the contact [19]. Therefore, consid-
ering all these possibilities, an effective carrier lifetime is to be
defined which will describe the time taken by a photo-excited
carrier to relax back into the QD ground state. For the present
sample, the lifetime is detected at two different detection wave-
lengths 970 nm and 1100 nm. Both the transients are fitted with
two exponential decay components. The average lifetime is found
to be in the order of hundreds of picosecond. For 1100 nm the TRPL
level transitions obtained from the simulation are depicted and (b) schematic diagram



decays at a slower rate than the 970 nm due to the thermalization
at the blue end of the spectra. A short carrier lifetime will result in
the dot capturing the carrier before it reaches the collector contact,
which is undesirable as the carrier does not get a chance to
contribute to the photocurrent signal [19].

3.2. Transmission electron microscopy

The inhomogeneous size distribution of quantum dots is a result
of large lattice mismatch between self-assembled InAs QDs on top
of GaAs substrate. But, highly controlled and optimized MBE
growth can yield a highly uniform size distributionwith the desired
shape and density of QDs formed. FromTEM images shown in Fig. 6,
the MBE grown heterostructure was found free from defects and
dislocations. High resolution TEM image of the sample are included
in Fig. 6(b). The lateral dimension and height of QD measured from
TEM images were used for simulation.

3.3. Device characterization

3.3.1. Dark current density
In a photodetector, the dark current can be defined as the current

that flows in the device even in the absence of incident light and it
may be from any source except photoexcitation. It is considered as a
source of noise and hence is one of the limitations of QDIP perfor-
mance [33]. In QDIPs, the dark current consists of mainly two com-
ponents and they are thermionic tunneling which has an
exponential dependence on temperature and field-assisted
tunneling. The rise in temperature excites the carriers to contin-
uum states and constitutes the thermionic component whereas, in
field-assisted tunneling, the carriers tunnel through the triangular
tip of the barrier and cross the barrier into the continuum once they
occupy the states below the top of well by thermal excitation [33].
Thermally excited carrier transitions from bound state energy levels
within the QD to continuum or quasi-bound states are responsible
for the production of dark current, and therefore, we can calculate
the dark current density [33] using the formula shown below:

< Jd > ¼ 2ev
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m*kT

2pZ2
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2

e

�
�Ea

kT

�
(3)

where e is the charge of an electron, m* is the effective mass of
holes, Z is the reduced Planck constant, v is the drift velocity of
holes, Ea is the activation energy, k is the Boltzmann constant, and T
is the absolute temperature.

Ea ¼ E0 � bF (4)
Fig. 6. Transmission electron microscopy images (a) for the multi-layered QD heter-
ostructure and (b) High resolution TEM image for a single QD.
where, E0 is the activation energy when no bias is applied, b is a
scaling parameter and F is the electric field applied. The drift ve-
locity and the field are also related [37] and can be given as:

v ¼ mF
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where, m is the hole mobility and vs the saturation velocity of holes.
Making use of equations (4) and (5), equation (3) becomes
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The main potential advantage of QDIPs over QWIPs in general is
the lower dark current realizing higher operating temperatures.
However, it may be noted that most of the quantum dot based
infrared photodetectors reported so far in the literature are oper-
ating in a temperature range of 77e200 K [38]. Therefore, the high
temperature operability of QDIPs is a challenging problem and it
needs further investigation into the QDIP performance above 200 K
comparing with commercially available detectors.

The dark current density vs. applied voltage is plotted at various
temperatures as shown in Fig. 7(a). The bias voltage was provided
across the top and bottom contacts of the device. Measurements
Fig. 7. (a) Dark current density as a function of applied bias voltage at various tem-
peratures and (b)Arrhenius plot for the measured dark current. The linear section of
the curve is used for calculating activation energy.



were made at several temperatures in the range 13e300 K for both
bias voltage polarities. It can be inferred from Fig. 7(a) that the
contribution of thermally excited carriers to dark current becomes
more prominent with the rise in temperature. The dark current
densities of 0.448 A/cm2and 1.457 A/cm2 at �1 V and 1 V, respec-
tively were obtained for the device at 77 K. The parameters used to
fit the dark current density for different temperatures are given in
Table .2.

Since the heterostructure has employed no current blocking
layers, the detector exhibited quite higher dark current density
than its n-i-n counterpart as expected. The quality of QDs formed
reflects in the activation energy in a sense that is the amount of
energy required by an electron to tunnel out from the QD. The QD
quality is assured if there is greater confinement. The carrier con-
finements in QD are calculated by temperature-dependent PL and
temperature-dependent dark current measurements. The activa-
tion energy Ea is calculated from the temperature dependent dark
current characteristics based on an assumption that the dark cur-
rent is proportional to the number of carriers tunneling out of the
QD. With the rise in temperature as the probability of carriers
tunneling out of the QD increases by exp(Ea/kT), the dark current
density also increases by the same factor. In the Arrhenius plot
shown in Fig. 7(b), the natural logarithm of dark current (Idark)
versus inverse temperature (1000/T) plot was found to be linear for
the temperature range from ~80 K to ~ 180 K. The activation energy
was calculated using the formula

lnðIdarkÞ¼ lnðAÞ �
�
Ea
k

��
1000
T

�
(7)

As equations (3) and (7) implies, the dark current density is
proportional to exp(-Ea/kT) which means the higher the confine-
ment, the lower will be the dark current density. Fabricated de-
tector exhibited high confinement energy of 82.1meV measured
using temperature dependent current-voltage characteristics.
3.3.2. Spectral response
Generally, a broad bandwidth absorption is exhibited by peiep

QDIP in the MWIR regime because of the photoexcitation of holes
from ground state of heavy hole (hh) to excited states of light hole
(lh) or heavy hole and/or spin-orbit split off (SO) states [27,39]. But
here, the spectral photoresponse measured reveals the short
wavelength-infrared (SWIR) detectionwith a high intensity peak at
a wavelength of 2 mm. At 75 K, the experimental spectral response
peak at 0.636 eV (1.95 mm) corresponds to the hole transition from
the HH ground state to the SO state, while the higher wavelength
peak corresponding to the hole transition from the HH ground state
to the state near the GaAs barrier is absent. A.G.U. Perera et al. re-
ported a similar short-wavelength transition (at 2.25 mm) along
with the prominent MWIR peak at 5 mm [34]. MWIR response is
measured when the transition is in between light-heavy hole of
ground state to valence band or quasi-bound states of GaAs. But we
believe that transition is absent as we observed a strong peak in
SWIR region whose transition energy is 20 times higher than
anything compared to MWIR region (3e5 mm) at 75 K. The signal to
noise ratio of spectral response in MWIR regime is extremely small
Table 2
Fitting parameters for dark current density for different temperatures.

T (K) Mobility (cm2/Vs) Vs (106 cm/s) В (10e27 mC)

13 665.68 1.132 0.1235
75 15.47 0.4632 0.97892
250 0.00122 0.044 1.2555
thus making it below the detection limit. Fig. 8 shows the spectrally
resolved photocurrent as a function of wavelength at different
temperatures.

The spectral peak showed a slight red shift from 1.932 mm (at
13 K) to 1.951 mm (at 225 K) as the temperature is increased. Ac-
cording to Varshini's law which explains the temperature depen-
dence of bandgap, as with the rise in temperature, the bandgap
decreases thereby decreasing the separation of inter sub-band
energy states. The photocurrent signal of the detector diminishes
noticeably at higher temperatures, even though the dark current
increases. Above a certain temperature, say 150 K, even though the
photocurrent starts to degrade with temperature, it is more
dominant than the dark current, which is due to the reduced
confinement of the holes trapped at the high applied electric field
at higher temperatures i.e. Poolee Frenkel effect [39]. However, a
strong spectral response in the SWIR regime, with a spectral peak at
~2 mm was recorded at high temperatures as high as 245 K even
under very lowapplied bias. The high temperature operation of this
detector can be explained by the increased carrier lifetime as well
as the reduced dark current.

We believe that the carriers are photo-excited from the excited
states of QDs, which may probably be filled at elevated tempera-
tures, to the available quasi-bound states. The reduced dark current
also will aid in the SWIR detection at room temperature. A slight
increase in applied bias will result in high concentration of carriers
tunneling out of the confinement which will diminish the ratio of
generated photocurrent to dark current. This phenomenon was
confirmed by studying the dependence of fitting parameter on
temperature and b value monotonically increases as temperature
increases. Since the dark current density is exponentially depen-
dent on the bF parameter (F¼ Electric field) the tunneling
component of dark current at higher temperatures will be gov-
erned by this parameter. Hence, the measurements were limited to
low applied bias at higher temperatures.

The photoconductive gain, g and noise spectral density, S(V) of
the device [18] are calculated using the following formulae:

g ¼ ðN þ 1ÞLmF
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Fig. 8. Spectral response as a function of wavelength at various temperatures.



SðVÞ ¼
8e2m2F2ðVÞðN þ 1ÞLA

�
m*kT
2pZ2

�3
2

e

�
�ðE0�bFÞ

kT

�

Npa2QDh
2
QDSQDVt

 
1þ

�
mF
vs

�2
!1

2

(9)

where, L is the distance between QD layers, hQD is the average
height of QD, aQD is the average base dimension of QD, SQD is the
QD density, N is the number of quantum dot layers and Vt is the
hole capture rate. Since both capture probability and gain are
dependent on certain material and structural parameters it is
possible to realize a device with high gain and thus improved
responsivity by optimizing these parameters [18]. Fig. 9 shows the
photoconductive gain and noise power spectral density obtained
from the theoretical model for dark current density. The capture
probability or scattering of carriers through the photoconductive
gain can determine the responsivity [18]. The existence of discrete
energy levels in QD-based devices restricts phonon-assisted carrier
scattering thus resulting in longer carrier relaxation time [40,41].

High temperature operation can be explained in terms of
photoconductive gain (g). It is defined as the ratio of recombination
lifetime (trec) to transit or sweep out time (tt) [18] i.e. g ¼ trec

Ntt
where

N is the number of quantum dot layers (N¼ 10). These parameters
can be calculated using S.Wolde et al. [18]. The capture probability
increases slightly with temperature due to the increase in the
number of unoccupied hole states in the QDs. Thermionic emission
of carriers results in an increase of hole states at the rate of e

E0�bF
kT

[18]. The calculated value indicates trec ˃˃ tt, which results in a high
value of photoconductive gain (g). The lower capture probability
along with longer carrier life time attribute to high photoconduc-
tive gain in the quantum dot infrared photodetector [42,43].

Responsivity or spectral response is the ratio of output
Fig. 9. (a) Gain and (b) Noise Power Spectral Density as a function of applied bias
voltage.
photocurrent to the optical power incident. Internal quantum ef-
ficiencymay be defined as the number of electrons generated to the
number of photons incident. Fig. 10 shows the responsivity as a
function of applied bias for different temperatures.

Responsivity (Rp) was measured and calculated using the
equation mentioned below [44].

Rp ¼ Iph
. ðl2

l1

RðlÞ
RðlcÞLeðl; TÞ

AbAd

r2
tdl (10)

where, Iph is the generated photocurrent, t is the % transmittance of

the cryostat window (KBr), RðlÞRðlcÞ is the normalized spectral response,

Leðl; TÞ is the blackbody irradiance, Ab is the aperture area, Ad is the
detector area, r is the distance between the blackbody and the
detector, and l1 and l2 are the lower and upper wavelength limits
of the detector spectral response. As the photocurrent to noise ratio
was significantly high till certain operating temperature and the
responsivity is directly proportional to the gain justifies the high
temperature operation achieved. The peak responsivities of 60.37
A/W and 3.813 A/W were obtained at 13 K (at -3 V) and at 225 K
(at �0.3 V) respectively.

Quantum efficiency of the detector was calculated using

QE ¼ Rphc
gle

(11)

where Rp is the responsivity. The value of external quantum effi-
ciency (EQE) reported in the literature varies from 2 to 17%
[26,27,34,45]. We have obtained a QE of 11.8% at T¼ 13 K and
V¼ 2 V.

Fig. 11 shows the specific detectivity (D*) as a function of applied
bias at various temperatures. The detectivity of a photodetector can
be defined as the ratio of signal to noise and is computed by using
the equation shown below [44]:

D* ¼ Rp
ffiffiffiffiffiffiffiffiffiffiffi
AdDf

q �
iN (12)

Here Df and iN are the noise bandwidth and the dark current
noise, respectively. The specific detectivity was found to be equal to
3.47� 109 cmHz1/2W�1 at 13 K (at 2.5 V) and 2.189� 1010 cmHz1/
2W�1 at 225 K (at 0.2 V).
Fig. 10. Responsivity as a function of applied bias voltage at various temperatures.



Fig. 11. Specific Detectivity as a function of applied bias at various temperatures.
4. Conclusion

We report excellent performance of InAs/GaAs peiep QDIP
operating at high temperatures (T> 225 K) compared to other p-
type QDIPs, reported so far in the literature. The fabricated p-i-p
detector exhibited improved responsivity and detectivity even at
high temperatures (and low bias) compared to any conventional n-
i-n detector. We believe its performance can be further improved
by introducing current blocking barrier layers as additional capping
in the active region which will aid suppressing the tunneling
component of dark current. SWIR detection (l¼ 2 mm) up to 225 K
with excellent responsivity and specific detectivity were achieved.
Increased carrier lifetime and reduced dark current are responsible
for the high temperature operation of the detector. The improved
figure of merits at high temperatures will attract the less explored
p-i-p QDIPs which are valence band operated over the conventional
n-i-n QDIPs working on electron transitions in the conduction
band. We propose the incorporation of p-i-p QDIPs into focal plane
arrays which will uplift the operating temperature of the device to
that of commercial interest.
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