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ABSTRACT. We have demonstrated the first monolithic spatially separated
four-band 640x512 pixel QWIP focal plane array. The four spectral bands
cover 4-5 um, 8.5-10 um, 10-12 pum, and 13-15.5 pum spectral regions with
640x128 pixels in each band. In this paper, we discuss the development of
this very sensitive four-band focal plane array based on a GaAs/
AlGa;xAs/In,Ga;.yAs QWIPs and its performance in quantum efficiency,
noise equivalent differential temperature, uniformity, and operability.

1. Introduction

There are myriad applications that require very long wavelength, large, uniform,
reproducible, low cost, low 1/f noise, low power dissipation, and radiation hard infrared
(IR) focal plane arrays (FPAs). For example, the absorption lines of many gas
molecules, such as ozone, water, carbon monoxide, carbon dioxide, and nitrous oxide
occur in the wavelength region from 3 to 16 um. Thus, hyper-spectral and multi-spectral
measurements in 3 to 16um region will enable remote sounding of numerous
geophysical quantities such as cloud (height and fraction, emissivity, particle size and
phase), surface (soil and vegetation type, temperature, emissivity, pollutants), and
atmospheric (temperature and composition) parameters. In addition, rapidly varying
phenomena such as fire (temperature and extent) and volcanic eruptions (SO,, aerosols,
temperature) can also be observed using this spectral region. The need for smaller,
lighter and lower cost imaging radiometers is now apparent, particularly in missions that
combine different types of remote sensing instruments. Instruments requiring different
detectors for different channels impose a severe cost and complexity burden on the focal
plane, and the specific detector can further drive the optical design to larger and more
costly elements to obtain sufficient signal. The key to developing smaller, lighter and
less costly imagers is the development of a more integrated, multi-band FPAs.

A quantum well designed to detect infrared (IR) light is called a quantum well
infrared photodetector (QWIP). An elegant candidate for QWIP is the square quantum
well of basic quantum mechanics [1]. When the quantum well is sufficiently deep and
narrow, its energy states are quantized (discrete). The potential depth and width of the
well can be adjusted so that it holds only two energy states: a ground state near the well
bottom, and a first excited state near the well top. A photon striking the well will excite
an electron in the ground state to the first excited state, then an externally-applied



voltage sweeps it out producing a photocurrent (Fig. 1). Only photons having energies
corresponding to the energy separation between the two states are absorbed, resulting in
a detector with a narrow responsivity spectrum, Thus, QWIP is an ideal detector for
fabrication of multi-band detectors.

2. 640x512 Pixel Four-Color Spatially Separated Focal Plane Array

One unique feature of this spatially separated four-band focal plane array is that the four
infrared bands are independently readable on a single imaging array. This feature leads
to a reduction in instrument size, weight, mechanical complexity, optical complexity
and power requirements since no moving parts are needed. Furthermore, a single optical
train can be employed, and the focal plane can operate at a single temperature.

This four-band device structure was achieved by the growth of multi stack QWIP
structures separated by heavily doped n" contact layers, on a GaAs substrate. Device
parameters of each QWIP stack were designed to respond in different wavelength
bands. Figure 12 shows the schematic device structure of a four color QWIP imager. A
typical QWIP stack consists of a MQW structure of GaAs quantum wells separated by
Al,Ga;.x As barriers. The actual device structure consists of a 15 period stack of 4-5 pm
QWIP structure, a 25 period stack of 8.5-10 ym QWIP structure, a 25 period stack of
10-12 pm QWIP structure and a 30 period stack of 13-15.5 um QWIP structure. Each
photosensitive MQW stack was separated by a heavily doped n* (thickness 0.2 to 0.8
pm) intermediate GaAs contact layer (see Figure 2). Since the dark current of this
device structure is dominated by the longest wavelength portion of the device structure,
the VLWIR QWIP structure has been designed to have a bound-to-quasibound
intersubband absorption peak at 14.0 ym. Other QWIP device structures have been
designed to have a bound-to-continuum intersubband absorption process, because the
photo current and dark current of these devices are relatively small compared to the
VLWIR device. This whole four-band QWIP device structure was then sandwiched
between 05 pum GaAs top and bottom contact layers doped with
n=>5x 10"7 cm®, and was grown on a semi-insulating GaAs substrate by MBE.

The individual pixels were defined by photolithographic processing techniques
(masking, dry etching, chemical etching, metal deposition, etc.). Four separate detector
bands were defined by a deep trench etch process and the unwanted spectral bands were

Figure 2. Layer diagram of four-band QWIP device structure and
the deep groove 2-D periodic grating structure. Each pixel
represent a 640x128 pixel area of the four-band focal plane array.



eliminated by a detector short-circuiting process. The unwanted top detectors were
electrically shorted by a gold coated reflective 2-D etched gratings as shown in the Fig,
12. In addition to shorting, these gratings serve as light couplers for active QWIP stack
in each detector pixel. Design and optimization of these 2-D gratings to maximize
QWIP light coupling were extensively discussed in reference 5. The unwanted bottom
QWIP stacks were electrically shorted at the end of each detector pixel row.

Typically, quarter wavelength deep (h = Ay/4ncaas) grating grooves are used for
efficient light coupling in single-band QWIP FPAs. However, in the four-band FPA, the
thickness of the quarter wavelength deep grating grooves are not deep enough to short
circuit the top three MQW QWIP stacks (e.g.: three top QWIP stacks on 14-15.5 um
QWIP in Fig. 2). Thus, three-quarter wavelength groove depth 2-D gratings (h =
3Ay/4nGaas) Were used to short the top unwanted detectors over the 10-12 and 14-15.5
microns bands. This technique optimized the light coupling to each QWIP stack at
corresponding bands while keeping the pixel (or mesa) height at the same level which is
essential for indium bump-bonding process used for detector array and readout
multiplexer hybridization. Figure 3 shows the normalized spectral responsivities of all
four spectral bands of this four-band FPAs.

Few QWIP FPAs were chosen and hybridized to a 640x512 CMOS multiplexer
(ISC 9803) and biased at Vg = -1.1 V. At temperatures below 83 K, the signal to noise
ratio of the 4-5 um spectral band is limited by array non-uniformity, multiplexer readout
noise, and photo current (photon flux) noise. At temperatures above 45 K, temporal
noise due to the 14-15.5 um QWIP’s higher dark current becomes the limitation. The 8-
10 and 10-12 pum spectral bands have shown BLIP performance at temperatures
between 45 and 83 K. The FPAs were back-illuminated through the flat thinned
substrate membrane (thickness ~ 1300 A). This initial array gave excellent images with
99.9% of the pixels working (number of dead pixels ~ 250) , demonstrating the high
yield of GaAs technology. The operability was defined as the percentage of pixels
having noise equivalent differential temperature less than 100 mK at 300 K background
and in this case operability happens to be equal to the pixel yield.

A 640x512 pixel four-band QWIP FPA hybrid was mounted onto a 84-pin lead-less
chip carrier and installed into a laboratory dewar which is cooled by liquid helium to
demonstrate a 4-band simultaneous imaging camera. The FPA was cooled to 45 K and
the temperature was stabilized by regulating the pressure of gaseous helium. The other
element of the camera is a 100 mm focal length anti-reflection coated germanium lens,
which gives a 9.2°x6.9° field of view.
It is designed to be transparent in the
8-12 pum wavelength range. SEIR™
image processing station was used to
obtain clock signals for readout
multiplexer and to perform digital data
acquisition and  non-uniformity
corrections. The digital data
acquisition resolution of the camera is
14-bits, which determines the
instantaneous dynamic range of the {
camera (i.e, 16,384), however, the ' i ' ' '
dynamic range of QWIP is 85
Decibels. Video images were taken at
a frame rate of 30 Hz at temperatures  Figure 3. Normalized spectral response of
as high as T = 45 K, using a ROC the four-band QWIP focal plane array.
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capacitor having a charge capacity of
11x10° electrons (the maximum number
of photoelectrons and dark electrons
that can be counted in the time taken to
read each detector pixel). Figure 4
shows one frame of a video image taken
with four-band 640x512 pixel QWIP
camera.

The peak detectivities of all four
bands at 300K background with f/5
optics are shown in Fig. 5. Based on
this single element test detector data,
the 4-5, 8-12, 10-12, and 13.5-15.5 um
spectral bands show BLIP at
temperatures 40, 50, 60 and 120 K
respectively for a 300 K background
with /5 cold stop. As expected (due to
BLIP), the estimated and
experimentally obtained NEDT values
of all spectral-bands do not change
significantly  below  their BLIP
temperatures. The experimentally
measured NEDT of 4-5, 8-12, 10-12,
and 13.5-15.5 um detectors at 40 K are
214, 452, 135, and 446 mK,
respectively. These experimentally
measured NEDT agree reasonably well
with the estimated NEDT values based
on the single element test detector data.
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Figure 4. One frame of video image taken
with the 4-15.5 microns cutoff four-band
640x512 pixel QWIP camera. The image is
barely visible in the 14-15.5 microns
spectral band due to the poor optical
transmission of the anti-reflection layer
coated germanium lens.
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Figure 5. Detectivities of each spectral-band

of the four-band QWIP FPA as a function of

temperature. Detectivities were estimated

based on the single pixel test detector data
taken at 300K background with f/5 optics.
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