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A very long wavelength infrared(VLWIR) focal plane array based on InAs/GaSb type-II super-lattices is demonstrated
on a GaSb substrate. A hetero-structure photodiode was grown with a 50% cut-off wavelength of 15.2 um, at 77 K.
A 320x256 VLWIR focal plane array with this design was fabricated and characterized. The peak quantum efficiency
without an antireflective coating was 25.74% at the reverse bias voltage of —20 mV, yielding a peak specific detectivity of
5.89 x 1010 cm-Hz!/2.-W~!. The operability and the uniformity of response were 89% and 83.17%. The noise-equivalent
temperature difference at 65 K exhibited a minimum at 21.4 mK, corresponding to an average value of 56.3 mK.
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1. Introduction

Since the introduction of type-II InAs/GaSb super-lattices
(T2SLs) by Esaki and Tsu in the late 1970s, U T2SLs have at-
tracted considerable interest for infrared (IR) photo-detection,
owing to their low Auger recombination rate, relatively long
carrier lifetime, flexible tuning of the detection wavelength,
and good material uniformity. The first reports of detection
devices with promising electro-optical properties!>3! appeared
in the 1990s. Further progress in band structure modelling, !
material quality,® and fabrication and testing[®’! has been
made, suggesting T2SLs as a viable alternative to mercury—
cadmium-telluride (MCT) material systems that dominate the
current market of IR detectors, especially for detecting long
wavelength infrared (LWIR) and very long wavelength in-
frared (VLWIR) radiation.

Significant progress has been made in the field of focal
plane arrays (FPAs) based on InAs/GaSb T2SLs, from mid
wavelength IR to LWIR.!®1) Compared with short wave-
length and mid-wavelength IR detectors, the bandgap of VL-
WIR detectors is very narrow, especially for wavelengths
longer than 12 pm. In the fabrication of T2SL VLWIR FPAs,
the biggest problem is a relatively strong dark current and
a relatively low differential resistance area product at zero
bias (RpA), which limits the ability to match readout inte-
grated circuits.!!!l Achieving high RyA requires using high-
quality materials, optimising the device’s energy structure, and
proper processing and passivation. Besides, quantum effi-
ciency (QE)!'?! is another important parameter for character-
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ising the detector performance.

In this paper, we present an integrated process of fabri-
cating VLWIR FPAs. Firstly, an optimised strain balance pro-
cess was used to precisely control the molecular beam epitaxy
(MBE) growth parameters for VLWIR SL materials. To bal-
ance the larger tensile stress owing to the thicker InAs lay-
ers, we used a double-InSb-like surface and an additional thin
GalnSb layer that was inserted between the GaSb layers. 3]
This design reduced the difficulties associated with the mate-
rial growth and improved the quality of the wafers. Secondly,
a properly doped M barrier was inserted between the active
region and the N contact region. It was reported that an M
structure super-lattice can be used as a barrier for spatially sep-
arating the tunnelling channel and reducing both the tunnelling
and diffusion currents, owing to a large effective mass in the
M structure layers. 1¥-1] Thirdly, a proper dry etching process
was designed for etching the FPAs mesa after photolithogra-
phy. The devices were passivatedusing both chemical passiva-
tion based on the anode sulphide and physical passivation us-
ing the material SiO,. The FPA device was characterised after
the metal and indium bump deposition and flip-chip bonding.

2. Experimental methods
2.1. Material structure and characterisation

The materials in this study were grown using a GEN
IT molecular beam epitaxy (MBE) system on a 2-inch-thick

GaSb wafer. A detailed description of the growth process was
provided elsewhere.!!”] The growth started with a ~0.75-um-
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thick GaSb:Be p+ (p ~ 10'® cm™3) buffer layer; a 0.69-um-
thick P contact layer, consisting of 8 InAs monolayers and 12
GaSb monolayers doped with Be p+ (p ~ 10'8 cm™3); a 1.5-
um-thick active layer, consisting of 15 InAs monolayers/3.5
GaSb monolayers/0.6 InSb monolayers/3.5 GaSb monolay-
ers, lightly doped with Be at 760 °C in the InAs layers and
during the last 50 periods gradually doped from 760 °C to
740 °C at a rate of 10 °C/min; a 0.5-um-thick M structure
super-lattice, consisting of 18 InAs monolayers/3 GaSb mono-
layers/5 AlSb monolayers/3 GaSb monolayers, lightly doped
with Si by keeping the Si dopant cell at 1080 °C; a 0.5-pm-
thick N contact layer, the structure of which was the same
as that of the M structure except the Si dopant at 1240 °C;
and an InAs:Si (n ~ 10'® cm™3) layer. Gradual doping was
achieved by changing the Si doping temperature from 1080 °C
to 1240 °C at a rate of 20 °C/min, during the first 20 periods
in the N contact region.

The device is schematically shown in Fig. 1(a). Ma-
terial quality was characterised using high-resolution x-ray
diffraction (HRXRD) and atomic force microscopy (AFM).
Figure 1(b) shows the AFM image of a typical 20 x 20 um?
area. The surface morphology measurements revealed long
atomic steps with a root mean square (RMS) surface rough-
ness of 1.43 A over an area of 10 x 10 um?. In addition, in a
larger surface scan (20 x 20 um?), only a few growth defects
were detected, suggesting a satisfactory surface morphology.
The HRXRD patterns in Fig. 1(c) exhibit super-lattice periods
of 62.9 A, 71.5 A, and 89.9 A for the p-contact, p-active re-
gion, and M-structure layer, with lattice mismatches of 0 arc-
sec, 0 arcsec, and 185.8 arcsec, respectively. The full width
at half maximum (FWHM) for the SLs in different regions
were 19.8 arcsec, 16.1 arcsec, and 29.3 arcsec, indicating high-
quality material at the interfaces.

2.2. Device fabrication

Next, we fabricated the FPA device. The wafers were
covered with SiO, as a hard etching mask, and patterned us-
ing standard ultraviolet (UV) photolithography. After defining
the mesas by etching the SiO, mask, the wafers were etched
through the cap layer and the super-lattice layers and into the
GaSb buffer layer, using an inductively-coupled plasma (ICP)
system with a CH4/Cl4/Ar, mixture. After removing resid-
ual SiO,, the arrays were passivated by the anodic sulphide
as a chemical passivation, to fill the dangling bonds on the
surface. A 200-nm-thick layer of SiO, was deposited using
ion beam sputtering deposition (IBSD) as the physical passiva-
tion. Next, photolithography was again performed to open the
windows through the passivation layer as the metal contact re-
gions, where the top and bottom metal electrodes were formed
using the electron-beam-deposited Ti (500 A)/Pt (500 A)/Au
(3000 A). After depositing a tall indium bumpand flip-chip

bonding, the VLWIR array was brought in contact with a read-
out integrated circuit (ROIC). Careful attention was paid to
clean the wafers throughout the entire processing step, to re-
duce the risk of contamination on the pixel sidewalls. The
above processes were also reported previously.!'®! Final sub-
strate thinning was performed as a last step,!!”! to reduce the
absorption by the substrate and antireflection (AR) coating for
high-performance imaging. The fabricated FPAs consisted of
320 x 256 pixels with a 30 x 30 um? pitch. A linear array close
to the FPAs on the wafer was fabricated at the same time.
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Fig. 1. (color online) (a) Schematic of the N-M-7z-P detector hetero-
structure. (b) AFM image of a typical 20 x 20 um? area. (c) High-
resolution x-ray diffraction spectrum and characterization according to dif-
ferent super-lattices.

3. Results and discussion
3.1. /-V characterisation

Measurements of electrical characteristics were per-
formed on a single element device in a linear array 27 X
27 um? array, at temperatures ranging from 50 K to 77 K.
Figure 2 shows the dark current density curves and the differ-
ential resistance area product curves of the diodes in the linear
array. The maximal RA product values for 55 K and 77 K
were 0.0517 Q-cm? (obtained at the reverse bias voltage of
—44 mV) and 0.0339 Q-cm? (obtained at the reverse bias volt-
age of —52 mV), respectively. Figure 2(a) shows that the J-V
curves for different temperatures are similar for the reverse
bias voltage above 100 mV, indicating that the device oper-
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ates in a tunnelling dark current mode that relatively weakly
depends on the temperature. However, for low reverse bias
voltages, especially below 80 mV, the dark current exhibits
a stronger dependence on the temperature, increasing with
increasing temperature, which indicates that a different cur-
rent mechanism is dominant in this regime, e.g., generation—
recombination (G-R).

10% 3
107 3
.
g 10" 3
Q
<
~
~10° 1
107" 5
(a)
100+
-1.5 —10 —0.5 0 0.5 1.0
Linear array-A5/V
107!
—50 K
—55 K
—60 K
—65 K
| —T70K i
v 1077 7k
(9
S
~
<
~ .
107° 3 E
(b)
10°* T T
-1.0 —0.5 0 0.5

Linear array-A5/V

Fig. 2. (color online) Single element device characterization. (a) Current
density vs. voltage. (b) Differential resistance vs. voltage.

To investigate the mechanism of the dark current for the
fabricated array further, the RyA product was measured as a
function of temperature, offering insights on the dark current
mechanism in individual elements. Figure 3 shows the RgA
values for two elements in a linear array, versus the inverse
of the temperature, for temperatures in the 10-200 K range,
measured for a 7.29 x 10~° cm? area. In Fig. 3, the elements
are labelled as A4 and A5, corresponding to their different lo-
cations in the wafer. Although all mechanisms become more
pronounced with increasing temperature, the dependences are
not the same, resulting in the variation in the dominant mecha-
nism with temperature across elemental devices. Because dif-
fusion exhibits the strongest dependence on temperature, it is
the most dominant mechanism at high temperatures, and RoA
decreases rapidly with increasing temperature. From 50 K
to 100 K, the dark current decreases slower than that in the

high-temperature regime, and it is more likely that G-R is the
dominant mechanism. As the temperature decreases further,
both the diffusion and G-R currents become smaller and are
eventually overshadowed by tunnelling and surface leakage
currents. From the results in Fig. 3, the surface leakage cur-
rent becomes dominant for temperatures in the 30—45 K range.
In the 10-30 K range, the tunnelling current is the dominant
mechanism, which is manifested as a relatively flat tempera-

ture dependence.

50 25 20 10
- ""\
T o N
100 K[45 k{30 K |T/K| 81==7~ S
1072 = :
o4~ ‘ tunneling
% ! |
5 surface leakage
g §C-R k
< 1
: L
-3
10 ] 'y \
1 .’ diffusion 1
4 = VC 150621-A4
1 —®— VC 150621-A5
T B IARE BaEs "l'l"'l"'l"
0 0.02 0.04 0.06 0.08 0.10
Tﬁl/Kf1

Fig. 3. (color online) RyA vs. the inverse of temperature.

3.2. Spectral response

Optical characterisation of single diodes was performed
at 77 K using a Fourier transform infrared (FTIR) spectrom-
eter and a calibrated blackbody source at the temperature of
500 K. Figure 4(a) shows the quantum efficiency as a func-
tion of wavelength, measured using the detector at different
bias voltages. The QE increases as the positive bias voltage
decreases from 25 mV to 0 mV. As the reverse bias voltage
increases from 0 mV to —100 mV, the QE first increases and
then decreases. The maximal QE is ~25.74%, obtained for
the bias voltage of —20 mV, and the relevant wavelength is
11.9 um. The small applied reverse bias voltage is owing
to the proper doping level in the M barrier region. Besides,
the elements exhibit a 50% cutoff wavelength of 15.2 um and
a 100% cutoff wavelength of nearly 18.5 um. For a T2SL
IR detector with a ~ 1.5-um-thick active region, the QE was
demonstrated to reach the potential maximal value without
anti-reflecting coating.?”) The relatively high QE can be at-
tributed to the proper gradual doping and absorption in the de-
vice structure and to the introduction of a double-InSb-like in-
terface. Gradual doping extended the electron diffusion length
and increased the absorption coefficient. The double-InSb-
like interface likely also contributed to increasing the mate-

rial’s absorption coefficient. The QE could be further im-
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proved by increasing the thickness of the active region. Fig-
ure 4(b) shows the calculated specific detectivity of the el-
ements, for different bias voltages. The maximal detectiv-
ity was 5.89 x 10'° cm-Hz!'/2.-W~!, and it was obtained for
—50 mV.
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Fig. 4. (color online) Spectral elemental responses, measured at 77 K. (a)
Quantum efficiency. (b) Specific detectivity.

3.3. Focal plane array

The VLWIR FPAs were tested at 65 K and a thermal im-
age was acquired using a 320 x 256 FPA camera and is shown
in Fig. 5(a). A pixel was defined as operable if its noise was
lower than twice the noise of the median pixel and its respon-
sivity was within 50% of the responsivity of the median pixel.
The non-uniformity U was calculated as the standard deviation
o of a quantity over the mean value of the same quantity cal-
culated on only the operating pixels, U = o/mean. The oper-
ability and uniformity of responsivity were 89% and 83.17%,
respectively. Compared with the previously reported MWIR
and LWIR FPAs,[82!] the operability and uniformity are not

satisfactory. However, they can be further improved by op-
timizing the fabrication steps and the quality of the wafers.
Figure 5(b) shows the responsivity of the array.

(a) (b)

Fig. 5. (color online) A thermal image, acquired using a 320 x 256 VL-
WIR FPA at 65 K, and a mirror image reflected by a desk located in front
of the researcher. (b)Responsivity of the array at 65 K.

The equivalent temperature difference (NEDT) was mea-
sured using an extended blackbody source with the target tem-
perature varying between 25 °C and 35 °C, and with the FPA
integration time of 0.1 ms. The noise was calculated as the
standard deviation of the signal at the output of a unit cell over
20 frames. The NEDT was then calculated as

SNR ’
where SNR = (V, — V})/noise, and T, and T} are, respectively,
the higher (35 °C) and the lower (25 °C) background temper-
atures.The average NEDT of the VLWIR FPA was 53.5 mK,
and the minimum was 21.4 mK.

NETD =

4. Conclusions

In summary, an optimized strain balance process was
usedfor controlling the MBE growth parameters for VLWIR
Then, the FPA was
fabricated in a standard process. After hybridisation with
ROICs, the fabrication of the FPAwas completed after re-
moving the GaSb substrate and antireflection (AR) coating.
Finally, an InAs/GaSbtype-II FPA with a 50% cutoff wave-
length of 15.2 pm was obtained, demonstrating an excel-

wafers with high-quality materials.

lent performance in the VLWIR range of wavelengths. The
peak QE and the peak specific detectivity were 25.74% and
5.89 x 10'9 cm-Hz!/2-W~!, respectively. The operability and
the uniformity of responsivity were 89% and 83.17%, respec-
tively. The average NETD was 53.5 mK.
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