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ABSTRACT

This paper discusses recent and future advancements in the field of quantum dots-in-a-well (DWELL) focal plane
arrays (FPAs). Additionally, for clarity sake, the fundamentals of FPA figures of merit are reviewed. The DWELL
detector represents a hybrid between a conventional quantum well photodetector (QWIP) and a quantum dot (QD)
photodetector (QDIP). This hybridization, where the active region consists of QDs embedded in a quantum well (QW),
grants DWELLs many of the advantages of its components. This includes normally incident photon sensitivity without
gratings or optocoupers, like QDIPs, and reproducible control over operating wavelength through ‘dial-in recipes’ as
seen in QWIPs. Conclusions, drawn by the long carrier lifetimes observed in DWELL heterostructures using
femtosecond spectroscopy, have recently backed up by reports of high temperature operation results for DWELL FPAs.
This paper will conclude with a preview of some upcoming advances in the field of DWELL focal plane arrays.
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1. INTRODUCTION

Due to the wide range of applications, the infrared portion of the electromagnetic spectrum has long been of interest
for both military and civilian uses. The 3—-25um infrared regime is of particular interest, this is due to its wide range of
applications including: missile detection and tracking, battlefield imaging and communications, medical diagnostics and
treatment, surveillance, and biological/chemical agent identification. Over the past ten to fifteen years, there has been
significant interest in developing intersubband quantum dot (QD) infrared detectors (QDIPs) for the mid-(MWIR) and
long-wave infrared (LWIR) regimes !'. The QDIP’s ability to collect normally incident photons, without the use of a
grating or other optocoupler, and its potential for low dark currents is the primary reason for this interest.  Presently,
mercury—cadmium—telluride (MCT) detectors continue to demonstrate superior responsivity and specific-detectivity
(D*) when compared to the state of the art QDIPs or quantum well infrared photodetectors (QWIPs). Despite their
superior performance, difficulties in spatial uniformity, epitaxial difficulties, and low fabrication yields make the
manufacture of large FPAs exceedingly expensive !"" '), This fact drives scientists and engineers to try to make
intersubband systems competitive.

The utilization of quantum mechanical confinement of the charge carriers is one of the key factors in the performance
of the intersubband detectors. This confinement enables the possibility of novel high performing devices !> ¢ 131,
Standard QWIP heterostructures are based on the mature (In,Ga,Al)As materials system which increases the feasibility
of industrial production of low cost, large scale, optoelectronic devices. Since many other optoelectronic devices are
GaAs-based this also implies easy integration with other existing devices and circuits 'Y, The QDIPs, on the other hand,
operate on both the bound-to-bound and B-C carrier transition within the QD and are measured as photocurrent. QDIPs
have a number of advantages compared to QWIPs; specifically, they are sensitive to normally incident light. This
sensitivity to normal photons originates in having the direction of quantum confinement parallel to the electric field of
the incident photon. The confinement in QWIPs lies only in the growth direction; therefore, additional efforts must
come into play to alter the trajectory on the incident light. QDs are zero-dimensional objects and, therefore, have
confinement in three-dimensions !'”. This implies that QDIPs are sensitive to light incident from any direction,
including normal. Additionally, QDIPs have higher optical gain and carrier lifetimes are longer; therefore, the efficacy
of a carrier providing photocurrent is greater for a QDIP than a QWIP "**1 which in turn could result in a significantly

larger D* 9. Unfortunately, QDIPs also come with some serious drawbacks, specifically QDIPs have been
experimentally shown to have high dark current values ¥l It is believed, however, that these high dark current levels
are largely due to dot formation issues and problems with subsequent overgrowth degrading the confinement. With
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lower dark current levels predicted with better three-dimensional confinement of carriers, higher operating temperatures
can also be expected, thereby reducing the complexity of associated cryo-coolers. QD detectors with a room temperature
operation have already been demonstrated **), and several other groups have shown some promising results in this
spectral window !'"); however, because of the intricate dependence of the operating wavelength on the size and shape of
the dot, which in turn depends on the inherently random self-assembly process, presently there are no ‘dial-in recipes’
for obtaining a desired spectral response from QD detectors.

Our research group, as well as and several others, are investigating detectors based on intersubband transitions in a
quantum dots-in-a-well (DWELL) design. While exact material compositions and design for the various layers differs
from group to group, the over all design remains constant. Our most basic design consists has the InAs dots are placed
in an Ingy15GaggsAs well, which in turn is positioned in a GaAs matrix. The DWELL detector is a hybrid design between
a conventional QWIP and the QDIP and benefits from the advantages of both of its progenitors. Apart from sensitivity
to normally incident light and lower dark currents, the DWELL structure demonstrates a better control over the operating
wavelength and nature of the transition (bound-to-bound versus bound-to-continuum) *”. In the DWELL structure an
intersubband transition occurs when the electrons in the ground state of the QD are photoexcited into a bound state of the
QW. The modeling of this structure and its excitations, however, is extremely challenging due to the nature of the
potential profile. Previously, we have published some preliminary calculations of the electronic states and wavefunctions
in the DWELL structure, and have obtained reasonably good agreement between the calculated energy level spacings
and the obtained intersubband spectrum ?*. Based on a semiempirical estimate, we believe that the energy difference
between the ground state in the dot and the conduction band edge of GaAs is around 250 meV *”). In this paper, we wish
to highlight some of the recent results that have been obtained using these DWELL detectors in focal plane arrays
(FPAs). In Section 2, the growth and fabrication of the DWELL detectors and DWELL FPAs are discussed. Section 3 is
devoted to the figures of merit for DWELL FPAs. Section 4 discusses recent advances, while Section 5 will conclude
with upcoming advancements for DWELLs.

2. GROWTH AND FABRICATION OF DWELL FOCAL PLANE ARRAYS

For the purposes of this section we will detail the growth and fabrication of the basic DWELL structure mentioned
above. Other structures grown and fabricated by our research group and others will be discussed in later sections.

2.1  Growth

The DWELL structures were grown in a V-80 molecular beam epitaxy system, with an As, cracker source. 2.4
monolayers (MLs) of InAs dots were deposited on the sample, at a rate of 0.053MLs"'. The dots were Si-doped at a level
of 1¢/QD. The cross-section of the device shown in Figure 1 consists of a 15-stack DWELL heterostructure between
two n+ doped GaAs contact layers. The DWELL active regions are typically grown at 470°C, while the GaAs barrier
was grown at a temperature of 590°C.

.

GaAs (n=1-2x10"°cm”)
GaAs 50nm
In,Ga;As 6nm x=0.15 15X
N-doped InAs QDs 2.4ML
In,Ga;.,As 5nm x=0.15
[ GaAs 50nm
GaAs (n=1-2x10"°cm™) 500nm
GaAs S.l. Substrate

Figure 1: Diagram of the InAs/InGaAs DWELL after single pixel
processing. Here the contact layers are show with ohmic-contacts.
Between the contact layers lies the active region consisting of

]
g
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repetitions of quantum dots in quantum wells, nested in barriers. In owth Dire: 3 1 P B e ':_’Zv ;
this case, the detector is shown as being front illuminated. Figure 2: Cross-sectional TEM image of an InAs/InGaAs
DWELL heterostructure.
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The absence of threading dislocations in the heterostructures has been confirmed by cross-sectional transmission
electron microscopy (TEM) [1]. High-resolution TEM images reveal that the dot is confined to the top half of the well
(Figure 2). Room-temperature photoluminescence measurements on these samples with a 2.5mW, 632.8 nm He—Ne laser
and a Ge detector yielded a peak at A = 1.22—1.24um, which is attributed to the interband ground state transition in the
dot. Following the analysis by Kim et al ** and using a 60:40 rule (conduction band : valence band ratio), we can
attribute any peaks longer than 5.5um observed in the photocurrent spectrum to a transition from the ground state in the
dot to a bound state in the InGaAs well. By increasing the InGaAs well width, the position of the bound state in the well
could be lowered. This effect would be expected to result in a red shift in the operating wavelength of the detector.

2.2 Fabrication

Post-growth processing was done using standard contact lithography, plasma-etching and metallization techniques, in
a class 100 clean-room environment. Individual 400pm square n-i-n mesas with top pixel apertures, ranging from 25 to
300um in diameter, were lithographically defined in the top metal contact for illumination in a front-normal
configuration !"!. The contacts were annealed at 400°C using rapid thermal annealing.

The sample used to create the DWELL FPA was grown by MBE using the already proven single pixel DWELL
structure (see Figure 1). In the structure used to create the FPA, the active regions of each pixel consisted of fifteen
layers of InAs quantum dots embedded in Ingy;5GaygsAs quantum wells. The pixels are essentially identical to the single
pixel structure shown in Figure 1 above, except that the substrate and bottom GaAs layer are removed and the pixel is
flipped by 180°. Following the growth process, the sample was processed into a 320x256 array of detectors using
standard lithography (each pixel occupies an area of approximately 5.76x10°cm? or 576pum?, and has a 25um pitch).
Processing included under bump metallization (UBM) and adding indium bumps at each detector location to facilitate
device hybridization to a readout circuit, see Figure 3 & 4.

&
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%15 n-doped InAs QDs 2.4ML
15% InGaAs 6nm
GaAs 50nm
GaAs (n=2x10"8 cm3) 0.2um
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CHTH #BKU ®Z.0686 14mm
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Figure 4 shows an SEM image of the DWELL FPA with indium
bumps attached. The detector array was hybridized to a commercially
available Indigo Systems Corporation ISC9705 readout integrated
circuit (ROIC) by QmagiQ, Inc. to produce a usable FPA.

Figure 3: Schematic of a DWELL FPA pixel. After hybridization for
a commercial read-out integrated circuit (ROIC) the substrate is
removed and the FPA detector is back-illuminated.

3. BROADBAND FIGURES OF MERIT

While most DWELLs presently being produced exhibit multi-color response it is still valuable to discuss the
broadband, unfiltered, figures of merit for a DWELL FPA. Throughout this section we will discuss these broadband
figures of merit by examining how they are derived and detailing new data for the 320x256 DWELL FPA detailed in the
previous section. Several detector figures of merit can be calculated by measuring mean FPA output and noise versus
irradiance. As a standard procedure, the irradiance is provided by a operating a calibrated black body source at various
temperatures. Assuming a properly designed experimental set-up the irradiance values (Eq [photons/sec-cm?] and E,

[Watts/cm®]) at the FPA can be treated as uniform across the array and were calculated using Equations 1 through 4 /.
7L
4 Equation 1

E =—"—
TOA(fH) +1
where L, is photon radiance [photons/cm*-sec-sr-pum] and f# is the ratio of the lens focal length to the lens diameter,
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which is a conveniently defined parameter,
2c
L =

q Equation 2
A exp he Yy
AkT

where h is Planck’s constant [6.626 x 107*]-s], ¢ is the speed of light [2.998 x 10® m/s], k is Boltzmann’s constant [1.381
x 107 J/K], T is temperature [K],

p— 7z.l/€
.= 740{#)2 1 Equation 3
L. is photon radiance [Watts/(cm”-sr-pm)],
2hc?
Le = ¢ Equation 4
5 he
A exp[j -1
AT

In general, up to the limit of the ROIC’s integration capacitors, the DWELL FPA’s output usually has a fairly linear
response as a function of irradiance. For our running example of the detector detailed in the previous section we tested
the FPA at detector biases of (Vpg ~0.5, 0.75, 1.0 and 1.1V). Shown below in FigureS, the ROIC integration capacitors
were full at approximately -0.35 volts. Once this output voltage was reached, no further FPA response could be
measured.

5.5
- VDB ~0.5V Integration
-=-\/DB ~0.75V Capacitor Full, |
5 |-~vDB ~1.0v Voutpur ~5.25V
--\DB ~1.1V
4.5 A
3
8
3
>4
3.5 1
3 T T T T
0.0E+00 7.5E+16 1.5E+17 2.3E+17 3.0E+17 3.8E+17
Irradiance (photonslsec-cmz), 3-12um, 2 optics

Figure 5: Output Voltage versus Irradiance for the DWELL FPA at 77K

When the detector array is operated in a photon shot noise dominant regime, the voltage output of DWELL FPA
(Vouput) along with the photon noise voltage (in Equation 5) can be utilized to calculate the conversion gain product,

CqG.
VnPhoton = CGG 277EquTim Equation 5

where Cg is conversion gain (volts per electron), G is photoconductive gain, 1 is detector quantum efficiency (electrons
per photon), Eq is photon irradiance [photons/sec—cmz], Ay is detector area [cm?], and Tyy is integration time [s].

Squaring Equation 5 yields noise variance which can be used to solve for nGE(A4Tiy. Next, this quantity can be

substituted in Equation 6, I T

Voutput = CG (UGEq Ad Tint + dar;lm] Equation 6

where Cg is conversion gain, 1 is detector quantum efficiency [electrons per photon], G is photoconductive gain, E, is

photon irradiance [photons/sec—cmz], Ay is detector area [cmz], Tiy is integration time [sec], Iy, is detector dark current
[amps] and q is electron charge [1.6 x 10" Coulombs]. The slope of the resulting equation given by Equation 7,
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V2 )— 202G L o T Equation 7
G

nPhoton

=2C,G(V,

utput

corresponds to the CgG product. This method provides an estimate of the conversion-gain product at the four test biases.
For most DWELL arrays there is an anticipated trend of higher C¢G at higher biases (from the contribution of G) *%.
For our example FPA, the estimated CgG product values for the four detector test biases are shown in Table 1.

Voercom [V] CsG [Vie]
5.5 1.30x10°
5.75 2.29x10°
6.0 2.13x10°
6.1 1.98x10°

Table 1: Conversion gain product (CgG) estimates at 77K

3.1 Responsivity

Responsivity is defined as the detector output per unit of radiant input. A higher responsivity is generally desirable,
since it is directly related to the sensitivity of the device and is proportional to the detector’s quantum efficiency (QE).
For a DWELL FPA, responsivity is proportional to the QE, photoconductive gain (G), and conversion gain (Cg) product.
For the DWELL FPA shown in Figure 5, the responsivity was measured at four detector biases (Vpg ~0.5, 0.75, 1.0, and
1.1 volts) by measuring the output voltage versus irradiance. With this data the peak responsivities can be calculated by
using the two equations below:

R |: V :| — output E G s
"| photon zjz R (A)E,(A,T)r,, dA quation
R |:V:| _ output Equation 9
v - 2,
v Zil R” (A)Ee (l’ T)Twin da

where Vo 18 the output voltage [V], R, is normalized spectral response, E, is photon irradiance [photons/sec—cmz], E.
is irradiance [Watts/cm?], and dA is wavelength scanning step size from spectral response data [100nm]. To complete the
peak responsivity calculations the collected spectral response data for the FPA must be used. Table 2 details the
responsivity values for our example device at 77K.

Vs [V] | R, [V/photon] | R, [V/W]
0.5 5.11x1071° 4.32x10’
0.75 1.24x107 4.70x10’
1.0 3.81x107 3.16x10’
1.1 8.33x10” 6.05%10’

Table 2: Responsivity values at 77K

3.2 Noise Equivalent Power

Noise equivalent power (NEP) is a parameter defined as the required optical power incident on a photodetector that
produces a signal-to-noise ratio equal to 1. This represents the minimum amount of optical input power that must be
exceeded for detection to occur. A low value of NEP is an indicator of good detector performance, indicating a small
amount of optical input is detectable. DWELL FPA NEP was calculated using calculated responsivity and Equation 10
[29],

V.,
NEP = R Equation 10

v

where V,, is recorded noise voltage [VRMS] and R, is voltage responsivity [V/W]. The NEP for our example is plotted
against irradiance in Figure 6 and the minimum NEP values at each detector test bias are shown in Table 3.
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Figure 6: NEP versus Irradiance at 77K

3.3 Noise Equivalent Irradiance

While noise equivalent irradiance (NEI) is simply a shift in units from NEP, it can be useful as a design property. NEI
is defined by the number of photons per unit area incident upon a photodetector that produce a signal-to-noise ratio equal
to 1 and, therefore, delineates the minimum flux detectable for the device. NEI is calculated with Equation 11,

v
NEI =—+* i
R Ad Equation 11

v

where V, is recorded noise voltage [Vgrums], Ry is voltage responsivity [V/photon] and A4 is detector area [cm?]. It should
be noted that there is another definition of NEI that defined as the irradiance at an fl input, rather than at the detector.
Figure 7 shows and example of NEI plotted versus detector irradiance for the four test biases on the same FPA as
depicted in Figures 5 and 6. Minimum NEI values for our example device are listed in Table 4.

~—VDB ~05V
/S~
4.0E+11 |- VDB ~0.75V
asEaqy VDB -1OV /\/
11
R 5 VDB ~1.1V / Vo [V] | NEI [photons/cm’|
SE3.0E+11 1
5 aentd 0.5 2.83x10
g2.5E+11 0.75 1.48x10"
92.0E+11
S R 1.0 5.24x10"
51.5E+11 A
g L1 2.64x10"
1.0E+11 Table 4: Minimum recorded NEI results at 77K
5.1E+10 1 A
1.0E+09 i

0.0E+00 5.0E+16 1.0E+17 1.5E+17 2.0E+17 2.5E+17
Irradiance (photons/sec-cm?), 3-12um, f2 optics

Figure 7: NEI versus Irradiance at 77K

3.4  Detectivity
Inversely proportional to the NEP of a detector is the detectivity, or D*, (units of cm-(Hz)"?/W). As the name implies
the detectivity is a measure of how little optical irradiance the FPA can detect and ,therefore, having a high detectivity is
a important. The detectivity for a DWELL FPA is calculated using the NEP calculation results and Equation 12 [32] and
Equation13 [29],
1

Af = 2T Equation 12

int
where Tj,; is ROIC integration time [sec], and

e A

B L Equation 13
NEP

in which Ay, is detector area [cm?], and Af is the noise bandwidth [Hz]. Detectivities for the same device detailed in the
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figures and tables above are shown in the figure and table below.

o
Vos [V] [cmHZ"/W]
0.5 1.81x10°
0.75 2.37x10°
1.0 3.11x10°
1.1 6.25x10°

Table 5: Peak detectivity results at 77K

Under the conditions where photon noise dominates (BLIP), the theoretical BLIP detectivity may be used to estimate
the QE of a photodetector. Theoretical BLIP detectivity is calculated by Equation14 [29],

A [n
D* — .
BLIP T he E,, Equation 14

where A is the wavelength [um], h is Planck’s constant [6.626 x 107*]-s], ¢ is the speed of light [2.998 x 10% m/s], 7 is
detector quantum efficiency [electrons per photon] and E, is photon irradiance [photons/sec-cm?]. The BLIP detectivity
estimate was made using Equation 14 plotted against irradiance at two different values of QE. This plot is compared to
the DWELL FPA detectivity values for Vpg ~0.5V in Figure 9. Using this estimation technique, the quantum efficiency
for DWELL FPA detailed in these figures is approximately 0.25 to 0.45% at 77K.
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+wvpB~tov | | | oo ——-——- B-VDEB ~0.5v
RS o o -vB~1V| [ [ T TTTTTT T
S O oeros B I AN ettt S
* —%
© T 1.0E+09 1
o § T hb--o--------o-----o-o-------o-----coo
N o T - - - - - - - - - - = = = — = — = = = = = = = = == = = = =
] d fF----eeeee - -
8 | wmmemg ¢ T, . || |8 ESZIIIIooCoCoCoCCCIoIoCoCoCoCoCIITCoCoCoCCIC
1.0E+09 T T T T
1.0E+08 ; ; ; ;
0.0E+00  5.0E+16  1.0E+17  1.5E+17 = 2.0E+17  2.5E+17 156417 176417 19E+17 24E+17 23E+17 258417
Irradiance (photons/sec-cmz), 3-12pm, f2 optics Irradiance (photons/sec-cm?), 3-12um, f2 optics
Figure 8: Detectivity versus Irradiance at 77K Figure 9: BLIP Detectivity for QE Estimation at 77K.

3.5 Noise Equivalent Difference in Temperature

The smallest difference in a uniform temperature scene that the FPA can detect is called the noise equivalent
difference in temperature (NEDT, units of Kelvin). The smaller NEDT, therefore, the better, since it is a performance
measure of the FPA’s sensitivity. NEDT is calculated using the voltage output and noise versus irradiance data using the

expression below [4]: NEDT — AT

V/ Equation 15
v,

where AT is the difference in black body temperatures [K], V is the response between two temperatures [V] and V,, is
recorded noise voltage at the lower temperature [V]. Minimum NEDT values are observed just prior to the integration
capacitor becoming full, where noise decreased due to a decline in readout noise. An example NEDT is plotted versus
detector output in Figure 10 for the same device as the previous figures.
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Figure 10: NEDT versus FPA Output Voltage at 77K

4. RECENT ADVANCES IN DWELL FPAS

While the most groups have been focused primarily on monochromatic response for their DWELL FPAs, our group at
UNM has been focused on bringing color to the infrared spectrum. Most of our designs, therefore, have two strong
responses, one in the MWIR and one in the LWIR. This single bump, multicolor, technique provides enhanced utility
for the detector in the applications mentioned in the introduction. For example, being able to examine a scene at two
wavelengths removes the ambiguity generate by objects having different emissivity. This ability to differentiate objects
is also the beginning of spectroscopy, enabling the fine differentiation between chemicals, biological agents, or types of
tissues for medical and security applications ',

Using the example DWELL design detailed in the earlier section on broad band response, we have had a great deal of
success in eliciting a two color response. For this FPA, standard processing was performed, ending with a single indium
bump per pixel on the 320 x 256 array at UNM. The detector matrix was then hybridized by a commercial partner
(QmagiQ LLC) to an Indigo Systems Corporation ISC9705 readout circuit. After hybridization, the FPA was tested at
UNM using CamIRa™ system manufactured by SE-IR Corp. We observed two-color (MWIR and LWIR) response from
the DWELL FPA at 77 K at a nominal bias voltage ranging from 0.5-1.0 V. Larger bias voltages could not be applied
due to the saturation of the integration capacitors. The operation of the FPA was evaluated B2
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Y | —-aov
(]
06 :l*
_ 3!
5 Y
< L |
g 04 i)
s 2!
g .
4
02
0.0
0 2 4 (] 8 10 12
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Figure 11: Multicolor response from a typical DWELL detector. The MWIR and LWIR peaks are probably from transitions from a state in the
quantum dot to a state in the well and to the continuum, respectively. (note that —1.0 data scaled by a factor of 5 for readability) [32].

The response of the detector existed in two bands. In each of the two bands, ASIO filter lenses were used to spectrally
limit the incoming irradiance to 3—5 um (f2) and 8-12 um (2.3), MWIR and LWIR, respectively. At a detector bias of
0.5 V, the integration time for DWELL FPA was 2.37 ms for the MWIR and LWIR responses. All measurements were
made at a device temperature of 77 K with a liquid nitrogen pour fill Dewar to exclude noise caused by the compressor
on a temperature controllable closed cycle Dewar %,

Figure 12 displays the detectivity results for the DWELL FPA. Peak values of 1.46x10° (cm’Hz)"*/W and 3.64x10"°
(cm’Hz)">/W (MWIR and LWIR, respectively) occurred just before the integration capacitors were fully charged. The
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observed greater detectivity for the LWIR response compared to the MWIR response may be more artifact than fact: this
is because LWIR could not be accurately measured in a single pixel at this low bias thus leading to an overestimate of
the responsivity. In order to more accurately calculate the figures of merit, spectral response data for the DWELL FPA
itself are needed. For this reason, we have ongoing work to establish the capability to perform spectral response
measurements for an entire array %,

In addition to responsivity and detectivity, we also calculated two-color noise equivalent difference in temperature
(NEDT) for the DWELL FPA. This was accomplished by using the output voltage (V,), noise voltage (v,), and
temperature step of the blackbody source (AT). Minimum NEDT values of 55 mK (MWIR) and 70 mK (LWIR) were
measured for the DWELL FPA, Figure 13 1*%,

1x10" 1x10' £ —— MWIR
—e— MWIR R LWIR
—&—MWIR D > 025 4+ ™
LWIRD
Ix10'0 { —=—LWIRR 0.20
€
0.15 -
-«— 5
1x10° “‘H.M“‘\ , Lixe? o
T 0.10 4
\ b
0.05 4
Ix10® - ¥
‘ 0.00 T
‘—M | ) Ix10' 1x10'® 1x10'7 I1x10'®
1x107 - - 1x10 Irradiance (photons/sec-cm?)
1x10" 1x10'® Ix10"7 1x10' Figure 13: Noise equivalent temperature difference obtained in the

MWIR and LWIR bands at 77 K. Irradiance levels for MWIR and
LWIR are 3—5 um (f2) and 8—12 pm (f2.3), respectively [32].

Irradiance (photons/sec-cm?)
Figure 12: Peak responsivity (V/W) and detectivity [(cm® Hz)"*/W]
for the MWIR (left axis) and LWIR (right axis) for the DWELL FPA
at 77 K. Irradiance levels for MWIR and LWIR are 3-5 pum (f2) and
8—12 um (£2.3), respectively [32].

*

Vbs R, R, NEP [W] Vo NEI D NEDT
[VI | [V/photon] | [V/W] [V] | [photons/cm?] | [emHz"*/W] K]
MWIR MWIR
0.5 1.39x10° | 6.76x107 | 1.47x10" 0.5 1.30x10" 2.38x10° 1.88x10’
0.75 2.08x10° | 4.68x10° | 2.37x107" 0.75 9.23x10° 2.54x10" 3.57x10°
1.0 9.44x107 | 4.49x10" | 2.63x10™"" 1.0 2.18x10" 4.30x10° 3.72x10°
1.1 4.17x10° | 1.54x10° | 7.90x10™" 1.1 5.09x10° 1.65x10" 5.18x10°
LWIR LWIR
0.5 6.30x107"° | 7.30x10" | 1.07x10™ 0.5 1.17x10" 6.12x10’ 1.95x10°
0.75 1.88x10° | 9.35x107 | 1.47x10™" 0.75 1.27x10" 3.63x10° 1.73x10°
1.0 477x107 | 5.28x10" | 2.56x10™" 1.0 4.93x10" 4.41x10° 2.65x10°
1.1 8.48x107 | 7.04x10" | 1.68x10"" 1.1 2.49x10" 7.76x10° 3.62x10°

Tables 7 & 8: Summary of two-color figures of merit.

By reviewing the two-color response performance measures, one can see that the figures of merit calculated tend to be
better in the MWIR region, though the difference between MWIR performance and LWIR performance was not
dramatically different at the four detector biases used in testing. This is attributed to the fact that the MWIR and LWIR
responses are comparable at these lower detector biases, where bound-to-continuum energy transitions are favored
leading to a slightly larger MWIR response. At larger reverse bias the LWIR response would be expected to become
dominant because the probability of carriers tunneling from the bound-to-bound and bound-to-quasi-bound states
increases, leading to the increased LWIR response. With the 9705 ROIC two-color response is noted from the measured
spectral response of the FPA, but because of the limitation of biases that can be applied with the 9705, the concept of a
bias tunable FPA camera could not be more thoroughly explored.
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S. FUTURE ADVANCEMENTS & CONCLUSION

The purpose of this article is to give an overview of the important figures of merit for DWELL FPAs and review the
recent advancements in field. There are a number of new and exciting techniques that are starting to appear in single
pixel devices that will soon be applied to FPAs as well. One of these advancements includes a new DWELL design that
uses a double-well. In this structure the GaAs barriers are replaced with AlGaAs barriers and the role of the primary
well is played by a GaAs layer. Here, the InGaAs layer thicknesses, which constitute the second well, are reduced to a
minimum and, therefore, the strain due to lattice mismatch with the GaAs substrate is also minimized. This enables

larger stacks to be grown (30-80 repetitions of the active region). FPAs of this design are presently under test at CHTM
at the time of this article being written [42, 43].

0.5 ym GaAs contact (n=2x10"8cm-3)

50 nm AlGaAs barrier
6 nm GaAs well

4 nm GaAs well X30+
50 nm AlGaAs barrier

0.5 pm GaAs contact (n=2x10"8cm-3)
0.5 ym GaAs buffer

S| GaAs Substrate

Figure 14: A schematic for the structure of a low-strain DWELL, specifically a double DWELL or a DDWELL design. Here, a GaAs well acts as a
primary well, surrounded by AlGaAs barriers. Inside the GaAs well, lies a minimized InGaAs well surrounding the InAs QDs [33 & 34].

Based on a semi-empirical estimate, we believe that the energy difference between the ground state in the dot and the
conduction band edge of GaAs is around 164 meV [27]. We have modeled the electronic states and wavefunctions in the
DWELL structure, using Bessel function expansion [26] and using Finite Difference Method, Figure 15. There is a

reasonably good agreement between the calculated energy level spacings and the obtained intersubband spectrum, Table
9.

X107

200 12
Al{0.1)Gal0.9)As

-
o
[=]

Measured | Calculated
MWIR | 5.5um 8.3 um
LWIR 5.6 um 7.9 pum

Table 9: Comparison between the measured peak values for the
double-DWELL photo detectors and the FDM calculated values.

152 meV
_'_______’l/ GaAs

28 meV

Energy (meV)
g
Wavefunction

o

(=]
g
-

i 0 me\/ In{0.15)Ga(0.85)As |
|| -2

-10 5 0 5 10 15 20
% (nm)

Figure 15: Model of the double-DWELL photodetectors active
region. Note: the portion of the band diagram corresponding to the
InAs QD is not depicted here. The ground state and first excited state
calculated are solely for the nested QW system. The two modeled

states show a close match with the observed transition wavelengths
observed.

The results confirm that the LWIR response is due to transition from ground state of the quantum dot to ground state
of the quantum well structure while the MWIR response is from the transition to second bound state, which is very close
to the continuum state. From this modeling, the strong quantum confined stark effect in asymmetric quantum dots is

apparent, which produces a shift of ~2mm in the LWIR response for change in the bias polarity. This effect is useful for
tunable response from the DWELL detectors.

Another advancement uses a resonant cavity to increase the number of passes incident photons make through
the active region and, therefore, enhance the quantum efficiency **). The resonant cavity (RC) is formed using a DBR at
the bottom of the stack; the natural semiconductor-air interface is all that is used at the top for this design, Figure 16.
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This RC-DWELL was designed to enhance the LWIR signal, which does enhance by approximately a factor of 3, Figure
17 B9,

= 5 m

GaAs (n=2x 10" cm?) 1257 nm — RC-DWELL
GaAs 500A 10 —— DWELL

1Ny 15Gag gAS 60A

InAs ( n=3x10'"" cm?) 2.4 MLs 8x

Ing 4562, g AS 50A

|_| GaAs 600A |_|

‘ Gahs (n =2 x 10" cm¥) 1245 nm \
Al gyBay A5 1726 nm

Spectral Response (a.u.)

Gahs 767 nm
Al oGa, . AS 1726 nm

Gahs Buffer 2000 A

GaAs 5.1. Substrate

Figure 16: A schematic of the structure for a processed resonant 4 6 8 10 12
cavity (RC) DWELL, by adding the DBR at the bottom of the stack Wavelength (um)
the indecent light will make multiple passes through the active region .
35] Figure 17: Spectral response data for the RC-DWELL (upper curve)

hanci E.
enhancing Q and the standard DWELL (lower curve) samples. All the spectra were

taken at T=30 K at a bias of V,=—1.8 V !,

Additional experiments are also being performed to enhance the DWELLSs functionality, from surface plasmons
and phonic crystals as part of the detectors “°! to specialized capping materials for the quantum dots to enhance their
functionality directly *”). In the end, DWELLs are a young technology and their application in FPAs is even more
recent. In the coming years of research one can expect significant improvement in a number of areas: operating
temperature, sensitivity (NEDT), QE, and functionality (multicolor).
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