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An InAs/GaAs quantum dot infrared photodetector with strong, multicolor, broadband (5–20 lm)

photoresponse is reported. Using a combined quaternary In0.21Al0.21Ga0.58As and GaAs capping

that relieves strain and maintains strong carrier confinement, we demonstrate a four color infrared

response with peaks in the midwave- (5.7 lm), longwave- (9.0 and 14.5 lm), and far- (17 lm)

infrared regions. Narrow spectral widths (7% to 9%) are noted at each of these wavelengths

including responsivity value �95.3 mA/W at 14.5 lm. Using strain field and multi-band k � p
theory, we map specific bound-to-bound and bound-to-quasibound transitions to the longwave and

midwave responses, respectively. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773373]

Infrared photodetectors have numerous applications in

the fields of environmental monitoring, thermal imaging,

military defense and offense, and space research. Quantum

dot infrared photodetectors (QDIPs) employ self-assembled

InAs/GaAs quantum dots (QDs) in the active region and rep-

resent an emerging detector technology. QDIPs exploit

three-dimensional confinement of carriers and atom-like dis-

crete energy states in quantum dots to achieve low dark cur-

rent levels, high operating temperature, 10–100 times longer

carrier lifetimes, and normal incidence photoresponse. There

are several reports on enhancement in QDIP performance by

using novel heterostructure designs, most of which chiefly

rely on barrier engineering. Some of these include AlGaAs1,2

and InGaAs3,4 barriers, development of an AlAs/InAs/GaAs

QD superlattice structure,5 sub-monolayer (ML) QDs,6 tun-

neling QDIP structures,7 the dot-in-a-well (DWELL) recipe,8

dot-in-double-well heterostructure,9 confinement enhancing

(CE) barriers,10 and quaternary InAlGaAs capping with

uncoupled InGaAs QDs.11 Several researchers have

attempted to realize a multispectral response in a quantum

well heterostructure,12 a dot-in-well photodetector,13 an

InGaAs/GaAs based QD intersubband transition,14,15 and

other devices. However, QDIPs that simultaneously operate

over a broad spectral range and provide superior perform-

ance are not always obtained.

In this article, we demonstrate a multicolor, broadband

(5–20 lm) QDIP with narrow spectral width. The active

region of our detector comprised ten layers of InAs/GaAs

QDs, each with a combined quaternary (InAlGaAs) and high

temperature grown GaAs capping layer. The use of a quater-

nary cap with a specific alloy composition, which is central

to our design, enables strong carrier confinement and simul-

taneously helps achieve strain relief in the QD layer, thereby

allowing us to realize high quality QDs. The device exhibits

a photoresponse with three prominent wavelengths

(5.7, 14.5, and 17 lm) under positive bias and a four color

response (5.7, 9.0, 14.5, and 17 lm) under negative bias

along with narrow spectral width at each of these wave-

lengths. Thus, the photodetection range spans the entire mid-

wave and longwave infrared (MWIR and LWIR) regions and

the start of the far infrared (FIR) region. Using electronic

structure calculations based on multi-band k � p theory, we

identify specific intersubband transitions responsible for

peaks in the experimentally observed spectral response.

These simulations help validate our heterostructure design

and also offer deeper insight into engineering QD intersub-

band transitions for strong absorption in the infrared region.

Our optimized device heterostructure (Fig. 1) consists of

10 stacked layers of InAs QDs grown on a semi-insulating

(001) GaAs matrix by solid source molecular beam epitaxy

(MBE). Initially, a 1.0 lm nþ-GaAs bottom contact layer is

FIG. 1. Schematic of the device heterostructure depicting 10 layers of InAs/

GaAs quantum dots, each capped with InAlGaAs and GaAs layers.
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grown at 590 �C. The substrate temperature is then ramped

down to 520 �C for growth of 1000 Å of intrinsic GaAs.

Following this, 2.7 ML InAs QDs are grown at a growth rate

of 0.2 ML/s. Each dot layer is separated by a combination of

a 30 Å In0.21Al0.21Ga0.58As layer grown at 520 �C and a

500 Å GaAs layer grown at 590 �C. The composition of the

quaternary alloy is chosen so that it has a band-gap that per-

fectly matches GaAs, according to Vegard’s law,16,17

thereby deliberately avoiding a dot-in-well structure.11,18

The sample is then capped with 500 Å of intrinsic GaAs at

520 �C, followed by a 100 nm nþ layer to provide a top con-

tact. The InAlGaAs barrier in each QD layer acts as a strain

induced phase-separation alloy.18,19 As QDs are covered by

the quaternary cap, In adatoms from the alloy migrate toward

the relaxed dots, resulting in a compositional In gradient

across the periphery of the islands. This gradient prevents

intermixing of QD and barrier material during MBE growth,

thereby preserving the shape of QDs.18,19 After growing the

quaternary cap, subsequent overgrowth of a GaAs layer at a

high temperature helps smoothen the growth front for the

next QD layer.

An nþ-i-nþ QDIP is fabricated from the heterostructure

by conventional photolithography with inductively coupled

BCl3 plasma etching for mesa pattern definition and a four-

target, electron beam evaporation technique for contact

metal deposition. A typical Au/Ge/Ni/Au stack is used for

nþ Ohmic contact. Subsequently, the device is annealed at

380 �C for 1 min and bonded to a 68 pin leadless chip carrier

(LCC). This carrier is mounted on the cold head of the liquid

nitrogen-cooled cryostat to allow measurements of dark cur-

rent, spectral response, and peak responsivity at 77 K.

Dark I-V measurements are carried out by using a

Hewlett-Packard 4145 semiconductor parameter analyzer at

77 K and 100 K (Fig. 2). The dark current density value is

1.04� 10�2 A/cm2 at 0.1 V bias. Photocurrent spectral

responses are measured at 77 K by Fourier transform infrared

spectroscopy (FTIR) with a glow bar source. Infrared

responses spanning the entire mid- to longwave infrared

range (5–20 lm) from our quaternary-capped device are

shown in Figs. 3(a) and 3(b). Photoresponse peaks are

observed at 5.7, 9.0, 14.5, 17, and 20 lm. The peak at 9.0 lm

is only dominant under negative bias. With spectral widths

(Dk/k, where Dk is the FWHM of the peak) of �7% and

�9%, respectively, the peaks at 14.5 and 17 lm are among

the narrowest color responses.

Peak responsivity measurements are carried out using a

900 K calibrated blackbody source. The peak responsivity Rp

of a QDIP is the detector output per unit of radiant input and

is determined by9

Rp ¼ I0ðk2

k1

½RðkÞ=RðkcÞ�Leðk; TÞAsAðtFF=r2Þdk

; (1)

where I0 is the photocurrent, As is the area of the source, Le

is the blackbody radiance, A is the area of the detector, FF is

the geometrical form factor, t is the transmission of the win-

dow, and r is the distance between the source and the detec-

tor. The responsivity corresponding to each peak wavelength

is measured for both positive and negative biases, as
FIG. 2. Variation in dark current density of the device as a function of bias

at 77 K and 100 K.

FIG. 3. (a) Three color, broadband photocurrent spectral responses of the

QDIP under positive bias at 77 K, showing responsivity value �95.3 mA/W

at 14.5 lm. (b) Four color, broadband photocurrent spectral responses of the

QDIP under negative bias at 77 K, showing narrow spectral width.
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depicted in Figs. 3(a) and 3(b), respectively. A responsivity

value of �95.3 mA/W is observed (Fig. 3(a)) at 0.3 V bias,

corresponding to the 14.5 lm peak. Peak responsivity values

for other wavelengths are �27.4 mA/W for 5.7 lm wave-

length, �74.6 mA/W for 17 lm wavelength under positive

bias (Fig. 3(a)), and �48.3 mA/W for 17 lm wavelength

under negative bias (Fig. 3(b)).

To obtain further insight into the spectral characteristics

of our QDIP, we compute the conduction band electronic

structure of our heterostructure using strain dependent multi-

band k � p theory. It has been well-established that this

approach offers an accurate picture of electronic states of

InAs/GaAs QDs.20,21 We use a truncated pyramidal geome-

try for the QD (Fig. 4), already used for realistic single band

calculations in our earlier work.22 Strain field distribution in

the quaternary capped heterostructure is computed based on

the continuum mechanical model using the NEXTNANO3 soft-

ware package.23 In comparison with a plain, uncapped struc-

ture, we note that the presence of the quaternary cap leads to

a slower variation of compressive strain inside the QD and a

reduction in tensile strain just outside the QD boundary

(Fig. 4). Fig. 4 also shows the strained conduction band pro-

file of the heterostructure. Although the alloy composition of

the capping is chosen such that its bandgap equals that of

GaAs, compressive strain leads to a slight raise in the con-

duction band edge to about 1.6 eV. This results in stronger

electron confinement, which is desirable for longer lifetime

of QD bound states.

The 8-band k � p Hamiltonian for our heterostructure is

written in the Kane formalism, including spin orbit splitting

and the contribution from strain.24 We use regular finite dif-

ference discretization in the spatial domain and harmonic

averaging of material parameters20 to generate a large sparse

Hermitian matrix of order 8N � 8N, where N is the number

of cells in the three-dimensional mesh. A Jacobi-Davidson

algorithm based sparse matrix eigensolver25 is used to diago-

nalize the Hamiltonian for all conduction band states below

the barrier. A perusal of the envelope wave functions allows

us to roughly determine the energy above which the electron

states are quasi-bound (the so-called wetting layer states).

The QD absorption spectrum is then calculated by summing

over the absorption due to various possible intersubband

transitions

aðEÞ ¼ 1

E

X
i;f

je �Mif jexp
ðE� Eif Þ2

2r2

 !

e is the direction vector along the polarization of the incident

light. Mif ¼ hijpjf i is the momentum matrix element of the

initial and final states, and is computed approximately using

the conduction band envelopes of states jii and jf i resulting

from the eigenvectors of the k � p Hamiltonian. Based on our

experimental responses, we have assumed a realistic Gaus-

sian broadening ðrÞ of 3% due to QD size inhomogeneity.

The calculated absorption spectrum (Fig. 5(a)), like our

experimental photocurrent spectral responses, shows two dis-

tinct regions of absorption, in the midwave and longwave

regions, respectively. We identify four dominant peaks in the

calculated response, whose wavelengths are in good agree-

ment with the experimental responses, thereby validating our

heterostructure design. This is, to our knowledge, the first

application of multi-band k � p theory that goes a step beyond

fundamental electronic structure modeling of QDs by

directly aiding the design of a QDIP, and subsequently,

explaining the experimentally observed spectral response.

Analysis of the electronic states involved in the dominant

transitions in the spectrum (Fig. 5(b)) reveals that the mid-

wave response (4–11 lm) is due to bound-to-quasibound

transitions, while the longwave response (14–22 lm) is due

to bound-to-bound transitions. Bound states (indices 2, 4, 9,

12 in Fig. 5(b)), as expected, have wave functions that are

well localized inside the QD. However, it is interesting to

observe that quasi-bound states (indices 25, 46 in Fig. 5(b))

are far from localized in the surrounding quaternary barrier.

In fact, they have maxima at the corners of the QD. Transi-

tions with the largest optical matrix elements are observed

between states with same symmetries, for instance, 4 and 12,

2 and 46, and so on. Since bound-to-bound transitions have

better wave function overlap, we expect larger optical matrix

elements corresponding to them, and hence greater absorp-

tion in the longwave region. This is indeed observed in the

experimental photocurrent spectra in Fig. 3.

FIG. 4. From left to right, indium concentra-

tion (x), calculated hydrostatic strain (ehyd),

and strained conduction band potential profiles

(Ec) of a plain QD structure (top row) and our

quaternary capped QD structure (bottom row).
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In summary, we report the design and performance of a

QDIP with a combined quaternary InAlGaAs and GaAs bar-

rier cap. Strain-driven phase separation of In from the qua-

ternary InAlGaAs alloy prevents material inter-diffusion

from QDs and preserves their shape. By using a precise qua-

ternary alloy composition, we design a QDIP heterostructure

that offers a multicolor, broadband response (5–20 lm) cut-

ting across mid, long, and far infrared regions, and simulta-

neously, narrow spectral widths. Strain field calculations of

our quaternary capped QD heterostructure reveal a relatively

relaxed QD layer and an elevated conduction band barrier,

which leads to strong confinement of QD bound states. Het-

erostructure electronic states and the corresponding absorp-

tion spectrum, calculated from multi-band k � p theory, are in

good agreement with the experimentally measured photores-

ponse. Further, this theoretical analysis offers fundamental

insight into QDIP operation by allowing us to identify and

analyze specific types of intersubband transitions. The

strong, multispectral, broadband response from our device

indicates the potential of quaternary capped QDIPs for use in

infrared focal plane arrays, which have a wide range of

applications in environmental, military, and space imaging.
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FIG. 5. (a) Theoretically computed absorption spectrum of the quaternary

capped QD heterostructure. Black bars indicate wavelengths of possible

intersubband transitions; their height is proportional to the magnitude of the

corresponding optical matrix element. Four dominant peaks at 5.8 lm,

9.4 lm, 15.1 lm, and 18.0 lm (indicated by colored lines) are identified in

correlation with peaks in the experimental spectral response. (b) Energy

spectrum of a quaternary capped QD shown along with the strained conduc-

tion band profile along the QD symmetry axis in the growth direction h001i.
Also shown are electronic states involved in transitions identified in (a)

along with probability amplitude (jwj2) plots of the corresponding conduc-

tion band envelopes in a horizontal cross-section of the heterostructure.
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