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ABSTRACT

We have extended our investigation of corrugated quantum well infrared photodetector focal plane
arrays (C-QWIP FPAs) into the far infrared regime. Specifically, we are developing the detectors for the
thermal infrared sensor (TIRS) used in the NASA Landsat Data Continuity Mission. This mission requires
infrared detection cutoff at 12.5 pm and FPAs operated at ~43 K. To maintain a low dark current in these
extended wavelengths, we adopted a low doping density of 0.6 x 10'® cm~ and a bound-to-bound state
detector in one of the designs. The internal absorption quantum efficiency 7 is calculated to be 25.4% for a
pixel pitch of 25 pm and 60 periods of QWs. With a pixel fill factor of 80% and a substrate transmission of
70.9%, the external # is 14.4%. To yield the theoretical conversion efficiency CE, the photoconductive gain
was measured and is 0.25 at 5V, from which CE is predicted to be 3.6%. This value is in agreement with
the 3.5% from the FPA measurement. Meanwhile, the dark current is measured to be 2.1 x 1076 A/crn2 at
43 K. For regular infrared imaging above 8 pum, the FPA will have a noise equivalent temperature differ-
ence (NETD) of 16 mK at 2 ms integration time in the presence of 260 read noise electrons, and it
increases to 22 mK at 51 K. The highest operability of the tested FPAs is 99.967%. With the CE agreement,
we project the FPA performance in the far infrared regime up to 30-pum cutoff, which will be useful for the
Jupiter-Europa deep space exploration. In this work, we also investigated the C-QWIP optical coupling

when the detector substrate is thinned.

Published by Elsevier B.V.

1. Introduction

We have developed the corrugated quantum well infrared pho-
todetector focal plane array (C-QWIP FPA) technology for a number
of years. At present, both the theoretical model and the production
processes are sufficiently mature such the FPA properties are well
understood in the quantitative manner while high production yield
is consistently maintained. In this work, we applied this technol-
ogy to the NASA Landsat project and obtained satisfactory results.
In view of the agreement between theory and experiment in these
and other detectors in the long wavelength regime, we extend the
C-QWIP model to the far infrared and predict its performance up to
30-pum cutoff. In this work, we also perform a three-dimensional
(3D) finite element electromagnetic (EM) field simulation to inves-
tigate the effects of substrate thickness on the C-QWIP optical
properties.

2. TIRS5 FPA

In this section, we apply the classical geometric-optical (GO) C-
QWIP model [1] to one of the FPAs developed for a thermal infrared
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sensor (TIRS) instrument [2]. To predict the external quantum effi-
ciency n of a C-QWIP FPA, the absorption coefficient o(1) of the
QWIP material is first calculated for parallel propagating light with
a proper polarization. ¢(2) is given by

NpW  me2h i
0‘(1)12 L anpn(A)v (1)

where Np is the doping density in the well, W is well width, L is the
QW period length, f;, is the oscillator strength from the ground state
to the nth excited state, and p,, is the normalized Gaussian broaden-
ing for each optical transition. The values of f, are obtained after
solving the eigen energies and eigen functions of the structure.
The C-QWIP pixel structure reflects the normally incident light into
parallel propagation, with which # under the GO model is given by
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In Eq. (2), ts is the substrate transmission, f, is the pixel fill fac-
tor, nine is the internal quantum efficiency, x is a factor propor-
tional to the thickness of the active layer inside a corrugation [1],
p is the pixel linear dimension, t is the corrugation height, and
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7(V) is the transmission coefficient of a photoelectron traveling out
of the QW at a bias V. The resulting photocurrent J, generated with-
in a C-QWIP pixel is then
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where Tp is the scene temperature, g(V) is the photoconductive gain
obtained from noise measurement, i; and /, are the lower and
upper wavelengths encompassing the detector absorption spec-
trum, F is the f~-number of the optical system, and L(T, 4) is the pho-
ton spectral radiance.

The QWIP material described in this section is labeled as TIRS5.
It is made of 60 periods of 700-A Alg 17-Gag s2sAs and 60-A GaAs. To
avoid dopant migration during the material growth, only the cen-
ter part of the well is doped such that the equivalent Np is
0.6 x 10'® cm~3 in the well. The active QW material is sandwiched
between two GaAs contact layers. The top layer is 3.67 um thick
and the bottom layer is 4.15 pm thick. Applying Eq. (1) to this
material, the value of « is shown in Fig. 1. Its peak value is
0.17 um~'. The calculation shows that the structure is a bound-
to-bound (B-B) state detector because its peak is below the barrier
height. The combination of a low doping density and the B-B
detector structure ensures a low dark current for this long wave-
length detector.

Inserting «(4) into Eq. (2), #inc and # can be obtained. With
p=25um, t=11pm and K=0.69 for 60 QWs, the peak iy is
25.4%. For the present uncoated FPA, ts=0.709, and assuming
f»=0.80 and y =1 at high bias, the calculated external # is shown
in Fig. 2 with a peak value of 14.4%. To know the external conver-
sion efficiency CE (= 5g), the photoconductive gain g(V) was ob-
tained from the noise measurement and is shown in Fig. 3. At
the substrate bias of 5V, g was measured to be 0.25, with which
the peak CE is predicted to be 3.6%. The material was processed
into C-QWIP FPAs and the arrays were hybridized to Indigo 9803
640 x 512 readout circuits (ROICs). The measured CE from one of
the FPAs is shown in Fig. 4. It increases with the applied bias,
and at 5V, it was measured to be 3.5%, agreeing with the predic-
tion at 3.6%. The dashed curve in Fig. 4 is the same curve shown
in Fig. 2 but was shifted to a shorter wavelength by 0.35 um to
match the experimental spectrum. From the agreements on both
the magnitude and lineshape, one can assess the accuracy of the
detector model in predicting the C-QWIP optical properties. Using
the fitted CE spectrum (dashed curve in Fig. 4), the calculated
detector photocurrent from Eq. (3) is 1.19 x 107* Ajcm? (or
4.62 x 10° e/s/pixel) with F/2 optics and 294 K background when
imaging at 2> 8 um.

In addition to the optical properties, the dark current of a C-
QWIP can also be modeled and predicted in sufficient accuracy.
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Fig. 1. The calculated absorption coefficient o of TIRS5. The straight line divides B-B
transitions on the right and bound-to-continuum transitions on the left.
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Fig. 2. The calculated # and CE spectra of TIRS5 for g =0.25.
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Fig. 3. The photoconductive gain of TIRS5 obtained from noise measurement.
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Fig. 4. The measured spectral conversion efficiency of a TIRS5 FPA at different bias
(circles) and the calculated CE (dashed curve) at 5 V, which has been blue shifted by
0.35 um.

The dark current transport can be classified into three main mech-
anisms, which are direct tunneling (DT) between adjacent QWs,
thermally assisted tunneling (TAT) near the tip of a tilted barrier
under bias, and thermionic emission (TE) over the barrier. All of
these three transport mechanisms can be incorporated into a single
expression [3], in which
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