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Abgract : We design and fabricate a 128 x 128 Al GaAs/ GaAs quantum well infrared photodetector focal plane ar-
ray (FPA). The device is achieved by metal organic chemical vapor deposition and GaAs integrated circuit pro-
cessing technology. A test structure of the photodetector with a mesa size of 304 m x 30Qu m is also made in order
to obtain the device parameters. The measured dark current density at 77K is 1. 5% 10 3A/cm? with a bias voltage
of 2V. The peak of the responsivity spectrum is at 8 41 m,with a cutoff wavelength of 4 m. The blackbody detec-
tivity is shown to be 3 95 x10° (cm - Hz"?)/ W. The final FPA is flip-chip bonded on a CMOS read-out integrated
circuit. The infrared thermal images of some targets at room temperature background are successf ully demonstra-
ted at 80K operating temperature with a ratio of dead pixels of less than 1 %.
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1 Introduction

AlGaA ¢ GaAs quantum well infrared photo-
detectors (QWIPs) ,which are based on the ad-
vanced epitaxial material growth technology and
the theory of energy band engineering ,are becom-
ing afocal point in theinfrared photodetector focal
plane array (FPA) field due to their excellent per-
formance in response speed ,pixel uniformity ,radia
tion hardness, array format ,fabrication cost, and
multi-color integration. Thermal camera products
with QWIP FPAs in 320 x 240,512 x 486,640 x
512 ,and even 1024 x 1024 pixel arrays have been
developed successully in some laboratories and
companies for military and commercial applica
tions,such as survellance ,reconnai ssance ,defense,,
astronomy , medicine, and industry* *. Pixelless
QWIPs integrated with light emitting diodes
(LEDs) have aso been realized as an alternative
approach to thermal imaging™ . Some results of
single element QWIPs as well as thermal image
demonstrations with a 128 x 1 QWIP linear array
and 64 x 64 QWIP FPA have also been reported by
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several groupsin mainland China™ ™. Most of the
above products and reports were obtained with mo-
lecular beam epitaxy (MBE) technology because of
its accuracy and uniformity in the control of inter-
face growth.

Considering the wide applicability of metal or-
ganic chemical vapor deposition (MOCVD) tech-
nology in the growth of multi-quantum well laser
diode structures,we did many experiments in the
growth of AlGaA s GaAs QWIPswith MOCVD. In
this paper ,we present the results of the epitaxial
growth, desgn and fabrication of a long wave
length 128 x 128 Al GaAs GaAs QWIP FPA with
MOCVD technology. In addition ,the infrared ther-
mal images of some targets with a room tempera
ture background are demonstrated with the 128 x
128 Al GaAd GaAs QWIP flip-chip bonded on the
related CMOS readout integrated circuit (ROIC) at
80K operating temperature.

2 Epitaxial structure and growth

The epitaxial structure of the AlGaAs GaAs
QWIP was grown on a commercialy available

* Project supported by the Electronic Supporting Foundation(No.41501070402)

T Corresponding author. Email :xianjie @om.com

Received 5 February 2006 ,revised manuscript received 31 March 2006

62006 Chinese Institute of Electronics



1356

27

50mm semi-insulating GaAs (100) substrate with
an Aixtron 2000 MOCVD system. Figure 1 shows a
schematic of the AlGaAY GaAs QWIP structure.
The absorption layer is composed of n-doped Al-
GaAs GaAs multi-quantum wells (MQWSs) with
50 periods ,each period of which condsts of a 5nm
well of GaAs (doped with S to n=5x10"cm™?)
and a 45nm barrier of Alo.27 Gao.7s As. This photo-
sensitive MQW structure is sandwiched between
GaA s top and bottom contact layers doped by S to
1 5x10®cm”®. The thicknesses of the top and bot-
tom contact layers are 1000 and 1500nm , respec-
tively. The parameter of the MQW and the index of
Al are related to the peak wavelength of the re-
sponsvity spectrum and the transporting mode of
the photoexcited carriersin the quantum wells.

n* GaAscontact layer 1 m,1 5x10%cm-3
Al GaAs barrier layer 45nm
GaAs well layer  5nm 5 x10Ycm 3
Al GaAs barrier layer 45nm
n* GaAs oontact layer 1 %im,l 5x10%8cm-3
S| GaAs (100) substrate

x50

Fig.1 Schematic diagramof Al GaAY GaAs QWIP ep-
itaxial structure

3 Device dructure and fabrication
pr ocess

We have processed a test device with a mesa
size of 30U m x 30U m and a 128 x 128-pixel QWIP
FPA using the above epitaxial structure. In order
to optimize the epitaxial parameters and the fabri-
cation process of thefina FPA ,the test device was
characterized to obtain the respongvity spectrum,
dark current density, and detectivity. It is well
known that the infrared radiation incident normal
to the surface of the device is not absorbed by
QWIPs unless the radiation has an electric field
component normal to the layers of the superlat-
tice'® . The test photodetector was coupled through
a 45° polished facet on an edge of the device. For
the FPA ,a two-dimensional grating structure was
designed and processed on the top of each pixel to
couple the infrared light into the absorption layer
of the QWIP. The grating structure consisted of a
2 mx 2 m square cavity array with a center spac

ing of 41 m and a depth of 0. 791 m. The 128 x 128
QWIP FPA with apixel szeof 4% mx4% mand a
pitch of 5 m was realized usng our in-house
GaAs IC fabrication process. The chip sze of the
QWIP FPA was 6 9mm X 6 9mm.

The device process cond stsof standard photo-
lithography , optical cavity grating etching, pixel
mesa etching,and top and bottom ohmic contact
formation. The optical grating and the pixel mesa
were both formed by an inductively coupled plasma
(ICP) dry etching process because of the highly
lateral etching that occursin wet chemical etching
processes. The vertical ,smooth sidewall of the me-
sa was obtained using Cl. and optimized process pa
rameters. A standard multi-layer metal structure of
AuGeNi/ Au for nmtype GaAs was evaporated , lif-
ted-off ,and annealed to form the top and bottom
ohmic contacts. Finally ,indium bumps were formed
on the surface of the pixel elements,through which
the QWIP FPA chip was flip-chip bonded on the
related CMOS ROIC. Figure 2(a) is a scanning e
lectronic microscope (SEM) photograph of the pix-
el elements with an ICP-etched optical cavity grat-

Fg.2 SEM photographsof the pixels with ICP-etched
optical cavity grating (a) and with indium bumps (b)
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ing ,and Figure 2(b) is a SEM photograph of the
pixel elements with indium bumps.

4 Device performance of the test
QWIP

The large area test QWIP photodetector was
characterized using an onrwafer I-V analyss sys
tem cong sting of Keithley 4200 semiconductor pa
rameter analyzer and liquid nitrogen probe bench.
Figure 3 shows the measured dark current density
versus the bias voltage for the test device with a
mesa sze of 30U m x 30U m at 77K with a room
temperature background. The forward bias on the
x axis means that the top contact of the device is
forward biased. The dark current density is 1 5 x
10" and 5. 5% 10 *A/ cm’ for applied bias voltages
of +2 and - 2V ,respectively. The asymmetry of
the curve with forward bias and reverse bias in
Fig. 3 is due to the asymmetry of the quantum well
structure,which is due to the distribution of S
dopant changing along the growth direction in the
epitaxial process’ .
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Fg.3 Dark current density of test QWIP at 77K ver-
sus the applied bias

In order to characterize the responsivity spec-
trum and the detectivity ,the test device with a 45°
polished facet was bonded on an AIN carrier and
then was mounted into a test dewar cooled by lig
uid nitrogen. Conddering the temperature grades
between the test QWIP,the AIN carrier ,and the
dewar ,the practical operating temperature of the
QWIP was about 80K instead of 77K. Figure 4 is
the responsivity spectrum of the test QWIP at a bi-
asof 2V with a Nicolet 750 Fourier tranorm in-
frared (FTIR) spectrometer. The peak responsivity
wavelength of the spectrumisat 8 4 m. The spec-
tral width and the cutoff wavelength are AA/A =

20% and A. = Y m, respectively. This spectral
width reveal s that the type of intersubband trans-
tion for photoexcited electrons in the quantum
wells may tend to the bound-to-continuum trans-
tion®®

1.0k QWIP FTIR spectum at 80K

Response/a.u.
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Fig.4 Responsvity spectrum of the test QWIP at 80K

The blackbody detectivity Ds ~ is basicaly the
sgnal-to-noise ratio of a radiation detector normal-
ized to unit area and the operating bandwidth of the
detector. Generally ,Dg ~ is defined as

De = Re iAnAf (1)
where Rsisthe blackbody responsvity ,A isthe ar-
ea of the detector ,A f is the measurement band-
width ,and in is the dark current noise. The black-
body detectivity was evaluated through a testing
system with a calibrating blackbody source,an op-
tical chopper ,and a lock-in amplifier. The aperture
diameter and the temperature of the blackbody
were 15mm and 500K, respectively. The distance
between the blackbody window and the QWIP is
30cm. The radiation signal from the blackbody
source was modulated by the chopper. The meas
ured blackbody detectivity Ds = was 3 95 x 10° (cm
- HZ'?) 1w,

5 Thermal image result of the 128 X
128 QWIP FPA

A 128 x 128 CMOS ROIC was desgned in our
laboratory and fabricated usng a commercially a
valable 1. 21m CMOS process. The 128 x 128
QWIP FPA was flip-chip bonded on the related
ROIC through indium bumps. In order to reduce
the optical crosstalk between pixel elements,the
GaAs substrate of the QWIP FPA was then
thinned and polished to about 10 m. The final
QWIP FPA with ROIC was mounted into a dewar
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with a germanium lens cooled by liquid nitride to
demonstrate a thermal imaging camera. An image
processng system was assembled to process the
clock sgnalsfrom the readout multiplexer and cor-
rect the obtained image. The thermal video images
for static and moving targets in room temperature
background were taken and demonstrated at a
frame rate of 30Hz on a monitor. The QWIP FPA
realized excellent images with a ratio of dead pixels
of lessthan 1 %. Figures5(a) and (b) are the ther-
mal images at 80 K operating temperature after one-
point correction for a man’ s face and a flame,re-
spectively. The good image results for the 128 x

h

FHg.5 Thermal images by 128 x 128 QWIP at 80K op-
erating temperature for a man’ s face (a) and a flame

(b)

128 QWIP FPA reveal the advantages of the QWIP
FPA in response speed and image uniformity. The
image quality can be further improved by the fol-
lowing means First, the epitaxial structure and
process should be optimized to further lower the
dark current and increase the detectivity ; Second,
the GaAs substrate of the QWIP should be thinned
and polished to a thickness below 2Q m to elimi-
nate more crosstal k between pixel elements; Third,

the QWIP operating temperature should be low-
ered below 65K by usng a Sterling cooler.

6 Conclusion

Usng MOCVD technology and a GaAs inte-
grated circuit fabrication process,we have designed
and fabricated an n-doped large area testing Al-
GaAd GaAs QWIP and a 128 x 128 Al GaAs GaAs
QWIP FPA. The measured dark current density of
the test device was 1 5 x 10" °*A/cm® at 77K with
an applied bias voltage of 2V. The responsvity
spectrum peaked at 8 41 m and cutoff at ¢ m; The
blackbody detectivity Ds = was shown to be 3 95 x
10 (cm - HZY?)/W. The infrared thermal images
of the targets at room temperature background
were demonstrated with the 128 x 128 AlGaA ¢
GaAs QWIP FPA flip-chip bonded on the related
CMOS readout integrated circuit at 80K. The ratio
of dead pixels was less than 1 % ,which shows the
high yield of GaAsbased QWIP FPAs. These re
sults also reveal that MOCVD technology is very
promisng in the application of QWIP epitaxia
structure. A practical ,largeformat QWIP FPA will
be demonstrated if the epitaxial structure,growth
parameters,and fabrication process are optimized
further.
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