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1 SUMMARY

This is the final report for a research program performed under contract with the Air
Force Research Laboratory (contract # F29601-98-C-0022). The objective of this project
is to develop new high performance multicolor quantum well infrared photodetectors
(QWIPs) for IR imaging and low background detection applications in the 3-5 um
(MWIR) and 8-14 um (LWIR) wavelength bands using III-V semiconductor material
syétems grown by the MBE technique. The scope of this program includes the design,
growth, and fabrication of multi-color QWIPs as well as electrical and radiometric testing
of these detectors. The purpose of the testing is to obtain sufficient data to determine the
usefulness of the QWIPs developed under this project for future space surveillance
applications. In addition, the program will also cover the investigation of new light
coupling schemes aimed at enhancing the absorption quantum efficiency of QWIPs in
order to increase the sensitivity of the detectors for detection of faint targets and for low
background and low temperature (40K) applications. For low temperature operation, the
device’s dark current will be dominated by defect-assisted tunneling (DAT) process. As a
result, defects are expected to play an important roie in low temperature operation of
QWIPs. To meet this challenge we will perform Deep Level Transient Spectroscopy
(DLTS) measurements on QWIPs to identify interface and barrier defects in the QWIP
and to correlate these defects to the dark current of the detectors. From this study,
improved and optimized QWIP structures will be developed for low background

detection.




A. Research Achievements:

This final technical report covers the research accomplishments of the first year of a
research program on the development of high performance multi-color QWIPs for both
MWIR and LWIR applications (originally scheduled to last four years). The research
accomplishments during the first year funding are summarized as follows.

1. Demonstrated a high sensitivity, high-strain InGaAs/AlGaAs/InGaAs multi-color
triple-coupled quantum well infrared photodetector (TC-QWIP) for 8-14 um long-
wavelength detection. Detailed results are depicted in chapter 2.

2. Demonstrated a InGaAs/AlGaAs/InGaAs broadband triple-coupled quantum well
infrared photodetector (BB TC-QWIP) for 8-14 pm long-wavelength detection.

Detailed results are depicted in chapter 3.

3. Design, fabrication, and characterization of a MWIR TC-QWIP. The results are
described in chapter 4.

4 . Demonstrated a multi-color, two-stack, high-strain InGaAs/AlGaAs/InGaAs
asymmetrical triple-coupled (TC-) QWIP and an InGaAs/AlGaAs bound-to-
continuum (BC-) QWIP for LWIR and MWIR dual band detection. Detailed results
are discussed in chapter 5.

5. Demonstrated a n-type GaAs/InGaAs high-strain bound-to-continuum quantum well
infrared photodetector (HS BC-QWIP) for LWIR detection. The results are described

in chapter 6.

6. Demonstrated three-well, four-well, and five-well n-type and two three-well p-type
InyGa; xAs/AlyGa;yAs broadband quantum well infrared photodetectors (BB-
QWIPs) grown on GaAs substrate for 7-14 pum LWIR detection. The results are

depicted in chapter 7.

7. Published four journal papers and presented six invited and contributed papers at the
international symposium on long wavelength infrared detectors and arrays and the
SPIE Conference on Infrared Detectors and Materials.

B. Publications

(a) Referred journal papers:

1. J. Chu, Sheng S. Li, and A. Singh, "Investigation of Broadband Quantum Well
Infrared Photodetectors for 8-14 um Detection," IEEE J. of Quantum Electronics,

vol.35 (3), pp.312-319, March, 1999.




2. J. Chu, Sheng S. Li, and A. Singh, “Broadband P-Type Quantum Well Infrared
Photodetectors,” Appl. Phys. Letts., vol.73 (23), pp.3414-3416, Dec.7 1998.

3.J. C. Chiang and Sheng S. Li, “Ultra-high Sensitivity, High-Strain
InGaAs/AlGaAs/InGaAs Triple-Coupled Quantum Well Infrared Photodetector,”
Electronics Letts., vol.34 (18), pp.1794-1795, Sept.2, 1998.

4. J. Chu, Sheng S. Li, A. Singh, and P. Ho, “A Normal Incidence P-type Strain Layer
Quantum Well Infrared Photodetector with 19.2 um Peak Detection Wavelength,”

Appl. Phys. Letts., vol.73 (12), pp.1664-1666, Sept.21, 1998.

(b) Conference Presentations and Proceeding Papers

1. Sheng S. Li, J. Chu, and A. Singh, " Broadband Quantum Well Infrared
Photodetectors for MWIR and LWIR Detection," invited paper, presented at SPIE
International Conference on Photodetectors: Materials and Devices IV, San Jose, CA,
Jan. 24-26, 1999. Full paper in Conference Proceedings.

2. Sheng S. Li, J. C. Chiang, J. H. Lee, A. Singh, "Voltage Tunable Multi-color Triple-
coupled Quantum Well Infrared Photodetectors for MWIR and LWIR Detection,"
invited paper, presented at 6" Intn. Symposium on Long Wavelength Infrared
Detectors and Arrays: Physics and Applications, Boston, MA, Nov. 5-6, 1998.
Proceedings: ECS-PV-98-21, pp.134-144 (1998).

3. J. C. Chiang, Sheng S. Li, and A. Singh, “High Sensitivity Normal Incidence Triple-
coupled Quantum Well Infrared Photodetector for Lower Background Infrared
Detection,” presented at SPIE AeroSense Conf. on Infrared Detectors and Focal Plane
Arrays V, Orlando, FL, April 14-17, 1998. Proc. of SPIE, vol.3379-22 pp. 213-224
(1998).

4. J. C. Chiang, Sheng S. Li, and A. Singh, “Two-Stack Indirect-barrier/triple-coupled
Quantum Well Infrared Photodetector for Mid-wavelength and Long-Wavelength
Infrared Detection,” presented at SPIE AeroSense Conf. on Infrared Detectors and
Focal Plane Arrays V, Orlando, FL, April 14-17, 1998. Full paper published in the
Proc. of SPIE, vol.3379-29, pp.274-287 (1998).

5. J. T. Chu, Sheng S. Li, and A. Singh, “Broadband LWIR Quantum Well Infrared
Photodetectors,” presented at SPIE AeroSense Conf. on Infrared Detectors and Focal
Plane Arrays V, Orlando, FL, April 14-17, 1998.

6. J. T. Chu, Sheng S. Li, and A. Singh, “Voltage Tunable P-Type Superlattice Infrared
Photodetector,” presented at SPIE AeroSense Conf. on Infrared Detectors and Focal
Plane Arrays V, Orlando, FL, April 14-17, 1998.




2 A HIGH PERFORMANCE HIGH STRAIN TRIPLE-COUPLED
QUANTUM WELL INFRARED PHOTODETECTOR

2.1 Introduction

Quantum well infrared photodetectors (QWIPs) based on high-strain InGaAs material
grown on the GaAs substrate have been investigated for both the 3 — 5 pm mid-
wavelength and 8 — 14 pum long-wavelength infrared detection [1-5]. Due to the quantum
mechanical selection rule, the intersubband absorption under normal incident illumination
is usually not allowed in n-type QWIPs. As a result, a metal or dielectric grating coupler
[5-7] is required for most n-type QWIPs in order to achieve normal incident absorption.
The unique feature of these high-strain QWIPs is that a large normal incident absorption
without using grating coupler has been observed, which he;s a responsivity ratio of the
normal incidence to the 45° incidence ranging from 30 % to 50 %. It indicates that high
sensitivity gratingless normal incidence n-type QWIPs can be achieved by optimizing the
QWIP’s structure. In addition, it can greatly reduce the fabricating complexity, which can
significantly reduce the cost of n-type QWIP focal plane arrays (FPAs).

In this chapter, a high sensitivity triple-coupled quantum infrared photodetector (TC-
QWIP) using high-strain n-type Ing,sGag75As/Alg.11Gag goAs/Ing 12Gag gsAs asymmetrical

coupled quantum well structure has been developed for 8 ~ 14 um LWIR detection.

2.2 Device Desien and Fabrication

The high-strain TC-QWIP consists of a highly doped (n = 7x10'7 cm™) high-strain
(HS) Ing12GapgsAs quantum well of 5.5 nm thick, two undoped thin Alg1;GaggoAs/
Ing12GaggsAs (2/4 nm layer thickness) quantum wells separated by a 50 nm

Alg.11Gag goAs barrier layer; this basic structure is repeated 5 and 10 times in series to




form a two-stack HS TC-QWIP with 5-period and 10-period multiquantum wells.
Finally, a 0.1 um thick undoped GaAs layers was grown between the multiquantum wells
and the top and bottom GaAs contact layers (both doped to n = 2x10'® ¢cm™ ) to reduce the
tunneling current from contacts to QWs, which results in a lower dark current. Table 2.1
lists the layer structure of this high-strain TC-QWIP. Figure 2.1(a) shows the schematic
diagram of the conduction band and the bound state energy levels for this high-strain TC-
QWIP structure, and Fig. 2.1(b) shows the calculated transmission probability under zero
bias condition.

For the TC-QWIP, due to the strong coupling effect of the three asymmetrical QWs
and two thin AlGaAs barriers, the bound states in the In,Ga;.;As QWs and the first
excited state in the In\Ga;xAs QW are coupled to form the second (E,) and third (Es)
bound states inside the TC-QWs, as illustrated in Fig. 2.1(a). The intefsubband transition
for this TC-QWIP is dominated by the E; — E3 (A;3 = 10.9 um at zero bias) bound-to-
bound (BTB) state transition, while a secondary photoresponse peak due to E; — E¢ (A;¢
= 8.8 um at 0 V) bound-to-continuum (BTC) state transition was also observed in this
device.

The test structure with an active area of 200x200 um? was fabricated on the QWIP
samples by standard wet chemical etching for device characterization use. The mesa
structure of the 5-period HS TC-QWIP was formed first by completely removing the top
contact layer and the 10-period-stack, and then by etching down from the middle contact -
layer to the bottom contact layer. The mesa structure of the 10-period HS TC-QWIP was
formed by etching down from the middle contact layer to the bottom contact layer. A

square ohmic contact ring composed of AuGe/Ni/Au was then deposited on the periphery




of the mesa structure of the highly doped contact layers and alloyed for the ohmic
contacts. Finally, the devices were prepared both with 45° polished facet on the substrate

for coupling incident IR radiation into the quantum wells and with a front-side normal

incident illumination.

2.3 Results and Discussion

2.3.1 Dark Current Measurements

Figure 2.2 shows the temperature dependence of the dark J-V curves of the 5-period
HS TC-QWIP. The dark J-V curves show an asymmetrical behavior which is a common
feature for the n-type QWIPs. The 300 K window currents with a 180° FOV was also
shown in Fig. 2.2, and the BLIP temperature was found to be 65 K with bias voltages up
-to -3 V. This is 5 K higher than the lightly strained TC-QWIP discussed in reference [8].
Figure 2.3 shows the temperature dependence of the dark J-V curves of the 10-period HS
TC-QWIP. The dark J-V curves show a similar behavior as those of the 5-period HS TC-
QWIP. The 300 K window currents with a 180° FOV was also shown in Fig. 2.3, and the
BLIP temperature was found to be 65 K with biases up to -5 V, which is similar to the 5-
period TC-QWIP. For comparison, Fig. 2.4 shows the dark J-V versus the electric field
(assumed the bias voltage is uniformly distributed across the whole structure) for the 5-
and 10-period TC- QWIPs at 77 K. The result shows that the 5-period device has a higher

dark current than that of the 10-period QWIP under same applied electric field.

2.3.2 Photoresponse Measurements

The photocurrent spectra were measured with 45° facet illumination and with front-

side normal incidence illumination using a 0.25 m grating monochromator and a




calibrated blackbody source af T'=1000° C. Figure 2.5 shows the spectral responsivity of
the 5-period HS TC-QWIP measured with a 45° facet at ¥, = -3, -2.8 and -2.6 V and T =
30 K; the inset shows the linear dependence of the peak wavelengths for both E; — E;
and E; — Ec transitions with the applied bias voltage. The wavelength tunabilities for
this device are ranging from 6.9 to 7.3 um and 9.6 to 10.1 pum for the E; — Ec and E; —
Ej transitions, respectively. The interpolated peak wavelengths at zero bias are found to
be 8.6 um and 11.1 pm for the £; — Ec and E; — E; transitions, respectively, which are
in good agreement with the calculated peak wavelengths at zero bias: 8.8 um and 10.9
pm, respectively, as shown in Fig. 2.1(b). The peak responsivities were found to be
increased with the bias voltage up to -3 V and the maximum peak responsivity was found
to be of 2.77 A/W at A, =9.6 um, ¥, =-3 V and T = 30 K. We also measured the spectral
responsivity of this device with a front-side normal incidence illumination. The results
are shown in Fig. 2.6 along with those of 45° facet illumination. It was found that the
responsivity ratios of the normal incidence to 45° incidence are 55 % - 75 % and 60 % -
80 % for the E; — Ec and E; — Ej transitions, respectively. Figure 2.7 shows the specfral
responsivity of the 10-period HS TC-QWIP measured with a 45° facet illumination at ¥
=-5 -45and -4 Vand T = 3Q K; the inset shows the linear dependence of the peak
wavelengths for both E; — E3 and E; — E( transitions with the applied bias voltage. The
wavelength tunabilities and the peak responsivities for this device were found to be
almost the same as those of 5-period device, but requires a higher bias voltage applied to
the device. Figure 2.8 shows the peak responsivities versus the bias voltage for both the
normal incidence and 45° incidence devices measured at 7 = 30 K. It was found that the

responsivity ratios of the normal incidence to 45° incidence are 30 % - 40 % and 50 % -




60 % for the £; — Ec and E; — E; transitions, respectively, which are lower than those
of the S-period device. Figure 2.9 shows the temperature dependence of the peak
responsivity for the E; — Ej transition versus the electric field with a 45° incidence
illumination. Frém the results of this study, it is noted that (1) the 5-period device has
larger peak responsivity than those of the 10-period device under the same temperature
and electric field conditions and (2) for each same period device, the peak responsivity is
increased by up to 200 % when the temperature was raised from 30 K to 77 K, and 3)

both devices show very large normal incidence absorption and responsivity.

2.3.3 Detectivity

Figures 2.10 and 2.11 show the calculated detectivities for both the 5-period and 10-
period devices at 77 K and 30 K, respectively, using the noise model by Wang et al. [9].
The results show that the 10-period device has a higher non-BLIP detectivity of

2.93x10"° cm-Hz/W at Ap=9.8 um, V;, = -4.5 V and 77 K, but the 5-period device has a

higher BLIP detectivity of 2.21x10"° cm-Hz*/W at A, = 9.6 pm, ¥, = -3 V and 30 K.

2.4 Conclusions

In conclusion, we have demonstrated a very high performance voltage-tunable TC-
QWIP using high-strain n-type Ing2sGag 7sAs/Alg.11Gag goAs/Ing 12Gag gsAs asymmetrical
coupled quantum well structure for 8 — 14 um LWIR detection. The maximum
responsivities at A, = 9.6 pm were found to be 1.71 A/W and 2.77 A/W at V,=-2.8 V, -3 |
Vand 7= 77K, 30 K, respectively, for the 5-period device. For the 10-period device, the

maximum responsivities were found to be 1.3 A/W and 2.71 A/W at A, = 9.8 um, ¥} = -

45V,and T= 77 K, and at Ay =9.6 um, Vp = -5V, and T = 30 K, respectively. The




maximum detectivities were found to be 1.44x10' cm-HZz"%/W and 2.93x10'° cm-HzY/'W
athy =99 um, Vy=-26 Vand T=77K, andat 1, = 9.8 um, V, =-4.5V,and T=77 K
for the 5-period and 10-period devices, respectively. It is shown that this HS TC-QWIP
can be used as a voltage-tunable two-color or multicolor QWIP for lower background
LWIR detection. In addition, the device shows very large normal incidence absorption,
which offers excellent possibility for fabricating low cost, large area gratingless TC-

QWIP focal plane arrays (FPAs) for IR imaging camera applications.



Table 2.1 The layer structure of a high performance, high-strain InGaAs/AlGaAs/InGaAs
TC-QWIP grown on GaAs substrate for LWIR detection.

Layer Thickness (A) Dopant Concentration (cm™)
n GaAs (top contact) 5000 Si 2x10'8
1 GaAs 1000 none none
1 Al 11Gag g9As 500 none none
1 Ing 1nGag ggAs 35 none none
1 Alg 11Gag goAs =20 none none
ilng12GaggsAs | X 10 | 40 none none
1 Alp11Gag 9pAs 20 | none none
n Ing,5Gag 75As 55 Si 7x10"
1 Alp11Gag goAs 500 none none
1 GaAs 1000 none none
n GaAs 5000 Si 2x10"®
1 GaAs 1000 none none
1 Alg11Gag goAs 500 none none
11Ing1,Gag gsAs 35 none none
1 Al 11Gag goAs 20 none none
11Ing12Gag gsAs X5 40 none none
1 Alg 11Gag 92As 20 * none none
n Ing»5Gag 75As 55 Si 7x10"
1 Alg 1:Gag goAs 500 none none
i GaAs 1000 none none
n GaAs (bottom contact) 10000 Si 2x10'8
S.I. GaAs substrate 625+ 25 um none none
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Figure 2.1 (a) The schematic conduction band diagram and (b) the transmission
coefficient of the high-strain TC-QWIP for LWIR detection.
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Figure 2.2 The dark J-V curves for the 5-period HS TC-QWIP.
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Figure 2.3 The dark J-V curves for the 10-period HS TC-QWIP.
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Figure 2.4 The dark current density versus electric field at 77 K for both the
5-period and 10-period HS TC-QWIPs.
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Figure 2.5 The spectral responsivities for the 5-period HS TC-QWIP with a 45° incidence
measured at 30 K.
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Figure 2.6 The peak responsivities versus bias for the 5-period HS TC-QWIP with 45°
incidence and normal incidence measured at 30 K.
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Figure 2.7 The spectral responsivities for the 10-period HS TC-QWIP with a 45°
incidence measured at 30 K.
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Figure 2.8 The peak responsivity versus bias for the 10-period HS TC-QWIP with 45°
incidence and normal incidence measured at 30 K.
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Figure 2.9 The temperature dependence of the peak responsivities for the E; — Ej3
transition versus electric field with a 45° incidence.
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Figure 2.10 The peak detectivity versus electric field for the HS TC-QWIPs at 77 K.
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Figure 2.11 The BLIP detectivity versus electric field for the HS TC-QWIP at 30 K.
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3 A THREE-STACK InGaAs/AlGaAs/InGaAs BROADBAND
TRIPLE-COUPLED QUANTUM WELL INFRARED PHOTODETECTOR

3.1 Introduction

Multi-color quantum well infrared photodetectors (QWIPs) using different transition
schemes and structures have been widely investigated recent year [10]. Theoretical
studies of quantum-confined Stark effect in two- and three-coupled-quantum-well
(TCQW) structures have been reported for voltage tunable infrared detection [11,12], and
voltage-tunable multicolor triple-coupled QWIPs (TC-QWIPs) using
InGaAs/GaAs/AlGaAs and high-strain (HS) InGaAs/AlGaAs/InGaAs material systems
grown on GaAs for 8-12 um long-wavelength detection have been demonstrated recently
[8,13]. The high-strain InGaAs/AlGaAs/InGaAs TC-QWIP has shown excellent
performance and wavelength tunability in the LWIR spectral range [8]. Most QWIP

devices were developed with sensitivity in the 3-5 um mid-wavelength infrared (MWIR)
or 8-12 um long-wavelength infrared (LWIR) region. The multi-color QWIPs were also

investigated by using multi-stack quantum well structure for both the mid-wavelength
and long-wavelength detection or voltage tuning of peak wavelength such as TC-QWIP,
which usually has narrow bandwidth due to bound-to-bound state transition [8,13]. In
order to broaden the detection bandwidth, the bound-to-miniband (BTM) QWIP [14] and
asymmétrical quantum well structure with graded barrier [15] were proposed. Recently,
several broadband (BB-) QWIPs have been demonstrated using three- or four-well
structure in a unit cell that has different well widths and barrier heights by varying the
barrier layer composition [16].

In this chapter, we report a high performance InGaAs/AlGaAs/InGaAs broadband

triple-coupled quantum well infrared photodetector (BB TC-QWIP) for voltage tunable‘
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multicolor detection in the 7-12 pum long-wavelength band. This BB TC-QWIP was

formed by using three-stack structure without contact layers between the stacks.

3.2 Device Design and Fabrication

This BB TC-QWIP device was formed by using a three-stack structure without
contact layers between the stacks. The device structure of each stack consists of an

asymmetrical triple coupled quantum wells (TCQWs) with one deep In ,.Ga, ,As

075
quantum well Si-doped to N, = 7.0 x 10" em” and two undoped In, ,Ga,As shallow
quantum wells separated by two 2 nm thin inner barriers (Al Ga, As) between the 50 nm
thick barriers (Al Ga, As). Each TC-QWIP étack has different quantum well widths,
periods, and barrier heights by varying Al composition so that each stack has different
peak detection wavelengths. The different periods were used to evenly distribute the bias
voltage drop across each stack, which are 3 periods for the bottom stack, 5 periods for the

middle stack, and 6 periods for the top stack, respectively. The quantum well widths and

Ga . As for

0.11 0.89

barrier material of the TC-QWIP stacks are given as 5.5/4/3.5 nm and Al
the bottom stack, 5.5/4/4 nm and Al ,Ga,,,As for the middle stack, and 5/4/4 nm and
Al ,Ga,,As for the top stack, respectively. Two 0.1 um thick undoped GaAs layers were
grown on both sides of this TC-QWIP to reduce the dark current. Finally, the TC-QWIP
surrounded by the top and bottom ohmic contact layers (Si-doped to n = 2.0 x 10" cm™)
was grown on the semi-insulating GaAs substrate. Table 3.1 shows the layer structure of
the stacked TC-QWIP. A mesa structure with 216 x 216 um’active area was fabricated to
characterize the device performance by using standard wet chemical etching.
AuGe/Ni/Au was evaporated on the top and bottom of the mesa structure for ohmic
contacts. The 45° polished facet was processed for the back-illumination and IR radiation

coupling. The device was mounted at the edge of the hole on the 16-pin TO-8 socket. The
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silver-filled epoxy with low thermal resistance was used to bond the device onto the

package.

3.3 Results and Discussion

Figure 3.1 shows the schematic conduction band diagram and the calculated
intersubband transition energy levels of this stacked TC-QWIP at zero bias voltage. Each
TC-QWIP stack can detect specific peak wavelength and then the whole three-stack TC-
QWIP structure can cover the broad wavelength range by overlapping the detection

wavelength of each stack. The E, — E_bound-to-continuum (BTC) transition was mainly
detected at lower bias voltages while both E, — E_and E, - E, bound-to-bound (BTB)

transitions were observed at higher bias voltages.

Figure 3.2 shows the dark current versus bias voltage (I-V) measured at T = 40, 52,
© 60, and 77 K with a 180° field of view (FOV) 300 K background photocurrent of the
device. The dark current curves show the asymmetric behavior due to the asymmetric
layer structure and the normal feature of n-type QWIPs. The device is under background
limited perfromance (BLIP) between -5.5V and 4.2V at T =40 K, and between -1.8V and
1.2VatT=77K.

The photo response was measured at T = 40 and 77 K by using an 1/8 monochromator
and blackbody light source (T = 1273 K) at a chopped frequency (200 Hz). Figure 3.3
shows the spectral responsivity of the TC-QWIP at T = 40 K, (a) lower bias, and (b)
higher bias voltages. The applied bias voltage was first distributed across the bottom TC-
QWIP because of the highest resistance by the highest barrier. When the applied bias
voltage was further increased the middle stack and the top stack can be biased one after

another. As clearly shown in Fig. 3.3, only E, — E_ transitions of the bottom and middle

stacks were observed at lower bias voltages (V, < -3.75V). The E, — E_ transition of the
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top stack can also be observed with the increasing bias voltage (V, > -4V). The peak
responsivity and full-width half-maximum (FWHM) at A, =8.7 um and V, = -3.75V was
0.48 A/W and AMA, = 21 %, respectively. When a higher bias voltage (V, > -4V) was

applied to the device, the thick AlGaAs barrier was tilted to the thin triangle barrier so

that the E, — E, transitions can be detected by the tunneling through E, bound state. At
the bias voltage of -4.5V, the spectral responsivities at A, =84 pmand A, = 10.8 um

were almost the same (0.82 A/W and 0.81 A/W, respectively). Therefore, a very broad

responsivity curve was achieved with AM/A, = 21 % and AN, = 20 % for this stacked
TC-QWIP. It is noted that this AA/A, = 20 % is much broader than that of the one stack
high-strain TC-QWIP (AMA, = 10 %). The E, — E, transition becomes the dominant |
response peak at V, = -4.75V. In particular, the peak spectral responsivity at A, =10.6 pm
and V, = -5.2V, which was primarily due to the E, — E, transition of the bottom stack,
was found to be 2.75 A/W. The tunable wavelength for E, — E, transition was 10.6-10.8
pum between -5.2V and -4.75V. Figure 3.4 shows the measured and the calélilated 300K

background window current I-V curves with 180° field of view (FOV), which was in
good agreement with each other. Figure 3.5 shows the spectral responsivity of the BB
TC-QWIP measured at T = 77 K and different bias voltages. The peak responsivity at T =
77 K and V, = -4.25V was 0.62 A/W at A, =103 um. The T = 40 K and 77 K spectral
responsivity curves were different at the same bias voltage. For example, the E, — E,
transition at V, =-4.25V and T = 77 K was more dominant than that at T = 40 K, that is,

the spectral responsivity by E, — E, transition was larger than that of E, — E_ transition

at T = 77 K, but this was reversed at T = 40 K, which was attributed to the more
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dominant thermionic-assisted tunneling (TAT) conduction through E, bound state at

higher temperature.

We have calculated the detectivity for the BB TC-QWIP at T = 40 K and 77 K by
using our noise model. The background limited performance (BLIP) detectivity (D*, )
at &, = 10.6 um was found to be 1.98 x 10" cm-Hz""/W at T = 40 K and V, = -5.2V. The
peak detectivity (D*) under non-BLIP condition was 5.54 x 10" cm-Hz""/W at T = 77 K,

A,=10.3 pm, and V, =-4.25V.

3.4 Conclusions

We have fabricated and characterized a new InGaAs/AlGaAs/InGaAs broadband

triple-coupled quantum well infrared photodetector (BB TC-QWIP) for 8-14 um long-

wavelength detection. In order to detect the broad wavelength range, the three-stack
structure that has three different peak wavelength was created as a three-color QWIP. The
E, — E, transition was obtained at lower bias voltages (V, < -3.75V) and both E, - E,

and E, — E_ transitions were detected simultaneously at higher bias voltages (V, > -4V).

‘The broader wavelength range can be detected by modifying the layer structure. The

positive temperature dependence of the responsivity was found from the measured results

atT=40K and 77 K.

26




Table 3.1 The layer structure of the BB TC-QWIP.

Layer Thickness () Dopant Concentration (cm™)
n GaAs (top contact) 5000 Si 2x10"
1 GaAs 1000 none none
1AL, Ga,, As 500 none none
iIn ,Ga, As 40 none none
1Al Ga  As 20 none none
iln ,Ga  As X6 40 none none
1Al Ga  As 20 none none
nln,Ga,  As 50 Si 7x10"
1Al Ga , As 500 none none
iIn, ,Ga  As 40 none none
1Al .Ga  As 20 none none
1In ,Ga, As X5 40 none none
1Al .Ga,,,As 20 none none
nln,,.Ga, . As 55 Si 7x10"
1Al .Ga  As 500 none none
1In ,Ga,  As 35 none none
1Al Ga  As 20 none none
1In, ,Ga  As X3 40 none none
1Al ,Ga  As 20 none none
nln,,Ga,  As 55 Si 7x10"
1Al ,Ga  As 500 none none
1 GaAs 1000 none none
n GaAs (bottom contact) 10000 Si 2x10"
S.I. GaAs substrate 62525 pum none none
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Bottom stack ( Ing,sGay ;5As/Aly ;;Gag goAs/ Ing ,Gag g5AS )
Middle stack ( Ing,5Ga, 75As/Aly 0sGag g, As/ Ing ,Gag ggAS )
Top stack  (Ing,5Gay 75As/Aly 06Gag 04AS/ Ing 1,Gag ggAS )

< intersubband transition energy at zero bias voltage >
Bottom stack : E;-E. (140 meV ), E;- E; (114 meV )
~Middle stack :E,;-E (123 meV ), E;-E,; (104 meV)
Top stack tE;-E (106 meV ),E,-E; ( 98 meV)

Figure 3.1 The schematic conduction band diagram and the intersubband transition
energy of the BB TC-QWIP.
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Figure 3.2 The dark current versus bias voltage (I-V) measured at T = 40, 52, 60 and
77K with the 180° field of view (FOV) 300K background window current of the BB TC-
QWIP.
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Figure 3.3 The spectral responsivity of the BB TC-QWIP measured at T = 40K, (a)
lower bias voltage, and (b) higher bias voltage.
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Figure 3.4 The 300K background window current with 180° field of view (FOV) of the
BB TC-QWIP: the solid line (calculated) and the dashed line (measured).
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Figure 3.5 The spectral responsivity of the BB TC-QWIP measured at T = 77K.
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4 AlnGaysAs/ Ing sGay As/ Ing Gay sAs TRIPLE-COUPLED QUANTUM
WELL INFRARED PHOTODETECTOR FOR MWIR DETECTION

4.1 Introduction

The performance of the quantum well infrared photodetectors (QWIPs) have been
enhanced by various intersubband transition schemes and material systems with the
maturity of the molecular beam epitaxy (MBE) technology [10]. Different intersubband
transition schemes such as bound-to-bound (BTB), bound-to-quasi-bound (BTQB),
bound-to-miniband (BTM), and bound-to-continuum (BTC) can be chosen to improve the
device performance. For example, the BTC transition can contribute to more sensitive
QWIP by aligning the final state above the barrier and the BTQB transition mechanism
can reduce the dark current because the dark current due to thermionic emission is
exponentially decreased with the increasing barrier height. The asymmetrical QWIP
structures such as the step well, the linear graded baﬁier, and the coupled quantum well
can affect the device performance and detection wavelength due to the voltage tunable
wavelength shift for multicolor detection and the broadband detection on bias polarity.
Theoretical studies of the double- and the triple-coupled quantum well structures have
been reported [11,12]. The strong quantum Stark shift by the applied bias is predicted in
the triple- coupled quantum well (TCQW) structure for long wavelength infrared
detection. Recently, the triple-coupled quantum well infrared photodetectors (TC-QWIPs)
[8,13] using AlGaAs/InGaAs material systems grown on S.I. GaAs substrate have been
demonstrated for 7-14 um long-wavelength infrared (LWIR) detection in which a large
voltage tunable wavelength shift and high responsivity were obtained. In addition t§

GaAs/AlGaAs, InGaAs/GaAs, and InGaAs/AlGaAs material systems grown on GaAs




substrate, In0_53Gao'“As/Ino_szAlMgAs lattice-matched QWIP structures grown on InP
substrate [13,17,18] have been extensively studied, which allows the shorter wavelength
detection due to the large conduction band offset. The short- and mid-wavelength infrared
regions are of important for imaging and communication applications [19-25]. In this
chapter, we present a new mid-wavelength infrared triple-coupled quantum well infrared
photodetector (MWIR TC-QWIP) using In, ;;Gay ;;As/Ing ,Aly A8/ Iny;Ga, ;As material

systems grown on InP substrate for 3-5 pm detection.

4.2 Device Design and Fabrication

The basic device structure of the MWIR TC-QWIP consists of a 4 nm In0_45‘Ga0,55As
quantum well Si-doped to Ny = 2.5 x 10'® ecm™ and two undoped 2.5 and 2 nm shallow
In,,Ga,,As quantum wells séparated by two 1.2 nm thin Inys,AlysAs inner barriers,
which were sandwiched by the 30 nm thick Inys,Aly,sAs barriers to form the unit cell.
Ten periods of the unit cell were grown to form the absorber layer. Finally, InGaAs
contact layers ( Si-doped to 2.0 x 10'® cm™) on both the top and bottom of the 10- period
QWIP structure were grown on the semi-insulating InP substrate. Table 3.1 shows the
layer structure of this MWIR TC-QWIP. Figure 4.1 shows the schematic conduction band
diagram and the intersubband transition schemes (a) at zero and (b) negative bias
voltages. The first (Ez) and s;:cond (E,) excited states were aligned due to the strong
asymmetrical coupling effect of the three InGa, As quantum wells and two thin
In, 5,Al, ,cAs inner barriers. As clearly shown in Figure 4.1(b), the thick In, Al sAs

barrier turns into the thin triangle barrier at higher bias voltages so that the E,-E,




transition can be detected by tunneling mechanism of the photo-excited electrons through
the E; excited state.

The test mesa structure with an active area of 216 x 216 um’ was created to
characterize the device performance through the top contact layer and device active
region down to the bottom contact layer by standard wet chemical etching using
1H;PO,:1H,0,:8H,0 chemical solution. AuGe/Ni/Au was evaporated to 50 x 50 pm? area
on the mesa structure for the top ohmic contact and around the periphery of the mesa
structures for the bottom contact. The test device was annealed at T = 450° C for two
minutes after E-beam evaporation. The 45° facet was polished on the InP substrate for
back-illumination IR radiation coupling. The silver-filled epoxy cement was used to

attach the device to a package, which provides a low thermal resistance between the

~ device and the package. The device can be mounted on a round TO-type package with 16

pins, which is one of the earliest IC packages. The ultrasonic wire- bonding through a
combination of pressure and rapid mechanical vibration was used with gold wires for

making electrical connection between the device and the package.

4.3 Results and Discussion

Figuré 4.2 shows the dark current versus bias voltage (I-V) curves measured at T =
77, 97, and 116K with a 180° field of view (FOV) 300K background photocurrent of
MWIR TC-QWIP. The device is under background limited performance (BLIP) when the
applied bias voltage is between -4.8V and 3.3V at T = 77K while the device is

background limited between -2V and 0.8V at T = 116K.




The photocurrent was measured at T = 77 and 116K by using 1/8 monochromator and
blackbody light source (T = 1273°K) at 200 Hz chopped frequency. The photocurrent
from the device was amplified by transimpedance amplifier (TIA) with 10° V/A gain and
measured using lock-in-amplifier. The spectral responsivity can be calculated using input
power measured by pyroelectric detector. Figure 4.3 and 4.4 shbw the spectral
responsivity of MWIR TC-QWIP at different temperatures and bias voltages. Only
bound-to-continuum (BTC) transitions were observed at positive and lower negative bias
voltages (V,<-3.5V.at T = 77 and 116K). The bound-to-bound (BTB) transitions were
enabled at higher negative bias voltages (V,>-4V at T = 77 and 116K). Moreover, the
BTB transition was dominant at biases higher than V, = -4.5V. The peak spectral
responsivity for this MWIR TC-QWIP was 0.31 A/W at A, =4.6 pm, V,=-5.5V, and T =
77K. The BTB transitions at a fixed bias voltage and different temperatures for the
MWIR TC-QWIP were much less sensitive to the temperature increase because of the
very high barrier height as shown in Figure 4.3 and 4.4. The background limited
performance (BLIP) detectivity (D*g ) at A, = 4.6 pm was found to be 2.65 x 10" cm-
Hz'"/W at T = 77K and V, = -4.5V. The peak detectivity (D*) under non-BLIP condition

was 1.44 x 10'° cm-Hz""/W at T= 116K, A, = 4.6 um, and V, = -4V,

4.4 Conclusions

We have demonstrated a new Ing,;Ga,ssAs/Ing ,Aly sAs/In, ;Ga, ,As mid-wavelength
infrared triple-coupled quantum well infrared photodetector (MWIR TC-QWIP) grown
on the InP substrate. This de_vice can be operated up to T = 116K and the spectral

responsivity was almost independent of the temperature. The BTC transition was
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observed under both the negative and positive bias voltage conditions, while the BTB
transition was detected at higher negative bias voltages. The responsivity due to BTB
transition was found to increase dramatically with increasing bias voltage. It is noted that
this device has better performance under negative bias voltages because both the BTB

and BTC transitions can be detected with higher responsivity and lower dark current.




Table 4.1 The layer structure of the MWIR TC-QWIP grown on the InP substrate.

Layer Thickness (A) Dopant Concentration (cm™)

n In, ,,Ga, ,,As 10000 Si 2x10'
11ng5,Aly ;sAS 300 none none
1In,,Ga,,As 20 none none

1Iny 5, Al 4gAS 12 none none
11n,,Ga,,As X 10 25 none none

11Iny 5,Aly ;sAS 12 none none
n In, sGa, 55As 40 Si 2.5x10"
11Ing 5,Aly 4sAS 300 none none
n In, ;Ga, ,;As 10000 Si 2x10"
S.I. InP substrate '625 +25 pm none none
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Figure 4.1 The schematic conduction band diagram and the bound state energy of the
MWIR TC-QWIP grown on the InP substrate under a) zero bias voltage and (b) negative
bias conditions.
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Figure 4.2 The dark current versus bias voltage (I-V) curves measured at T = 77, 97, and
116K along with the 180° field of view (FOV) 300K background photocurrent of the

MWIR TC-QWIP grown on the InP substrate.
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Figure 4.3 The spectral responsivity of the MWIR TC-QWIP grown on the InP substrate
measured at T = 77K, under (a) negative bias and (b) positive bias conditions.
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Figure 4.4 The spectral responsivity of the MWIR TC-QWIP grown on the InP substrate
measured at T = 116K, under (a) negative bias and (b) positive bias conditions.
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5 A HIGH-STRAIN MULTI-COLOR, TWO-STACK InGaAs/AlGaAs/InGaAs
TC- QWIP AND AN InGaAs/AlGaAs BC- QWIP FOR THE LWIR AND
MWIR DUAL- BAND DETECTION

5.1 Introduction

Quantum well infrared photodetectors (QWIPs) have been developed for 3-5 pm mid-
wavelength infrared (MWIR) and 8-14 pm long-wavelength infrared (LWIR) spectral
regimes in the past decade [6,10,26-34]. The matured I1I-V compound semiconductor
growth technology and the flexibility of the device structure enable the rapid
delvelopment of various QWIP structures. In particular, the multi-color IR detectors for
practical imaging applications such as target discrimination, remote sensing system,
medical imaging, and tracking system have been widely investigated by using the multi-
stack QWIP and voltage-tunable asymmetrical coupled quantum well structures. A high-
strain triple-coupled quantum v;/ell infrared photodetector (TC-QWIP) [8,13] grown on
the semi-insulating GaAs substrate has been demonstrated for 8-14 um long-wavelength
infrared detection, which has high performance due to the very high sensitivity, large
normal incidence absorption without grating coupler, and the large voltage tunable
wavelength for two LWIR peak detection waveleﬁgths. In addition, the simplified (short-
period) quantum well infrared photodetector (S-QWIP) [35] offers a number of
advantages over the conventional QWIP structure with 40 to 50 periods due to the
reduced growth time, low bias operation, low power consumption, and simple processing.
In this chapter, we report a high-strain, multi-color, two-stack InGaAs/AlGaAs/InGaAs

asymmetrical triple-coupled (TC-) and an InGaAs/AlGaAs bound-to-continuum (BC)
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quantum well infrared photodetector for long-wavelength infrared (LWIR) and mid-

wavelength infrared (MWIR) dual band detection grown on the GaAs substrate.

5.2 Device Design and Fabrication

The top stack is for the LWIR detection, which composes of a 5.5 nm deep
In,,;Ga, ,sAs quantum well Si-doped to N, = 7x10" ¢cm™, two undoped 4 nm shallow
In, ,Ga, ggAs quantum wells, and two 2 nm Al ,Ga,4,As inner barriers between 50 nm
thick Alj ,sGa,4,As barriers as a unit cell. The unit cell was repeated 20 times, and was
sandwiched between two undoped 100 nm GaAs spacer layers to reduce the tunneling
current from the contacts to the QWs. The bottom stack for the MWIR QWIP consists of
3-period of symmetrical In,,Ga,,As/Al,;Ga,,As BC-QWIP structure. Finally, the ohmic
contact layers (Si-doped to n = 2x10'® cm™) were grown on the top of the LWIR stack and
on the bottom of the MWIR stack, and between the two stacks. Table 5.1 lists the layer
structure of this high- strain multi-color two-stack QWIP structure.

Figure 5.1 shows the schematic conduction band diagram and the intersubband
transition scheme for the stacked LWIR TC-QWIP and MWIR BC-QWIP. For the LWIR
TC-QWIP, the 50 nm thick Al 3Ga,,,As barrier will turn into a triangular barrier for the
conduction of the photo-generated carriers through them when the negative bias voltage
is large enough. Therefore, both the bound-to-bound (B-B) and bound-to-continuum (B-
C) transitions can be detected at higher negative bias voltages. The photo-excited
electrons from the E, to E, (bound-to-continuum) states contribute to the photocurrent for

the MWIR BC-QWIP.

44




The test mesa structure ‘with an active area of 216x216 um’ was fabricated to
characterize the device performance by using standard photolithography and wet
chemical etching procedure. The LWIR TC- and stacked-QWIP test devices were etched
from the top contact layer onto the middle and the bottom contact layers, respectively.
The MWIR BC-QWIP was etched from the middle contact layer onto the bottom contact
layer after both the top contact layer and the LWIR stack were completely removed. The
LWIR TC- and stacked-QWIP test devices were annealed at T = 450 °C for two minutes
after AuGe/Ni/Au (3004/1004/10004) evaporation. The MWIR BC-QWIP test device
was annealed at T = 450 °C for 10 seconds after AuGe/Ag/Au (300A/10004/15004)

evaporation. The 45° facet was polished on the GaAs substrate for IR illumination.

5.3 Results and Discussion

5.3.1 Dark Current Measurements

Figure 5.2 shows the dark current versus bias voltage (I-V) curves of the LWIR TC-
QWIP measured at T = 40, 60, and 77K along with the 300 K background window
current at 180° field of view (FOV). The LWIR TC-QWIP is under background limited
performance (BLIP) when the applied bias is between ~8V and 7V at Ty, = 40K, and
between -4V and +2.5V at Ty, = 60K. Figure 5.3 shows the dark current versus bias
voltage (I-V) curves of the MWIR BC-QWIP measured at T = 40, 77, 100, and 120 K
along with the 300 K background window current at 180° field of view (FOV). The
MWIR BC-QWIP is under background limited performance (BLIP) when the applied

bias is between —0.95V and 0.9V at T = 77 K. The BLIP temperature is around T = 90 K
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for -0.5V<V,<0.4V. Figure 5.4 shows the dark current versus bias voltage (I-V) curves
for the stacked-QWIP measured at T = 40, 60, and 77K. The 300K window current with
180° field of view (FOV) is also shown in Figure 54 The stacked-QWIP is also under
BLIP in the entire range of the applied bias voltages ( -9V<V,<8V ) at T = 40K while this

device is under BLIP for biases between —5V and 3V at T = 60K.

5.3_.2 Photoresponse Measurements

The spectral response was measured at T = 40 K for the LWIR TC-QWP, T = 40, 77,
100, and 120 K for the MWIR BC-QWIP, and T = 40 and 77K for the stacked-QWIP by
using an 1/8 monochromater, a calibrated blackbody IR source (T = 1273 K), and Oxford
CCC1204 closed cycle liquid helium cryostat at 200 Hz c};opped frequehcy. Figure 5.5
shows the spectral responsivity of the LWIR TC-QWIP measured at different bias
voltages and T = 40K. As shown in Chapter 2, 3, and 4 on TC-QWIP structures, the
bound-to-continuum (B-C) transitions can be detected under the positive and lower
negative bias voltages while the bound-to-bound (B-B) transitions were observed at
higher negative bias voltages. At T = 40K, the peak reéponsivity at —7.8V was found to
be 2.63 A/W at A, = 10.3 pm. The E, to E, bound-to-bound (B-B) transition at T = 40K
was observed for bias voltages greater than -6V. The shift of peak wavelength with
applied bias for the B-B and B-C transitions is due to the quantum confined Stark effect,
which were found to be about 0.4 um (10.7 ~ 10.3 um) and 0.3 pm (7.9 ~ 7.6 um)"

between —6V and —7.8V at T = 40K, respectively. The extrapolated peak wavelengths at

zero bias voltage were found to be 9.1 um and 12.2 pum for the E,-E. and E,-E,




 transitions, respectively. The background limited performance (BLIP) detectivity (D*g; ;)
at A, =10.3 pm and V, = -7.8V was found to be 2.0 x 10" cm-Hz'"*/W at T = 40K.

Figure 5.6 (a), (b), (c), and (d) show the spectral responsivity of the MWIR BC-QWIP
measured at different bias voltages and temperatures. The bound-to-continuum (B-C)
transition was obtained for MWIR detection. At T = 77 K, the peak responsivities under
negative biases were found to increase with bias voltage up to ~1.3V, and the maximum
peak responsivity was 0.27 A/W at A, = 5.1 um and V, = ~1.3V. The peak responsivity
was found to be 0.46 A/W at A,;=5.1pum, V,=1.1V and T =77 K. The peak wavelength
at ,= 5.1 um was found to be nearly independent of the bias voltage and temperature.
Figure 5.7(a), (b), (c), and (d) show the peak responsivity versus bias voltage for the
MWIR BC-QWIP measured at different temperatures. The peak responsivity at A, = 5.1
pm was initially increased up to the maximum value and then dropped slightly with
applied bias voltage. At higher bias voltages, the photoresponse was saturated due to the
large thermionic emission dark current. Figure 5.8 (a) and (b) show the peak responsivity
versus temperature at negative and positive bias voltages, respectively. The responsivity
at higher bias voltage was slightly decreased with increasing temperature. However, the
responsivities at lower bias voltage were found to first increase and then decrease with
increasing temperature in which the responsivity at higher biases can reach the maximum
value at Jower temperature. Finally, the peak detectivity and the collection quantum
efficiency under background limited performance (BLIP) were found to be D*y, , = 1.187

x 10 cm-Hz"*/W and ng = 6.5 % at A,= 5.1 um, T = 77 K, and V, = -1.3V, respectively.
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Figure 5.9 (a) and (b) show the spectral responsivity of the MWIR and LWIR stacked-
QWIP measured at different temperatures and bias voltages. The MWIR detection peak
wavelengths were found to be of A, = 5.1 um and were independent of bias voltage. The
peak resp@nsivity at V, = -9V and A, = 5.1 um was 0.2 A/W at T = 40K. The two peak
detection wavelengths due to the E,-E. and E,-E, tranéitions were also observed in the
LWIR region. The peak responsivity was 1.76 A/W at V, = -9V, A = 10.3 pm, and T =
40K. The wavelength tunability for the E,-E, and E,-E,. transitions at T = 40K was about
0.4 pm from 10.7 pm to 10.3 pm and 0.3 um from 7.9 um to 7.6 um between -7V and -
9V, respectively. The tuning peak wavelengths at T = 77K were found to be 0.2 um from
11.0 um to 10.8 pm between —6V and —7V. The responsivity at the same bias voltage was
decreased with increasing temperature as a common result for the large period QWIPs.
(more than 20 periods). The background limited performance (BLIP) detectivity (D*;, )

at A, = 10.3 pm was found to be 1.63 x 10'° cm-Hz"/W at V, = -9V and T = 40K.

5.4 Conclusions

We have demonstrated a high performance high-strain multi-color, two-stack,
InGaAs/AlGaAs/InGaAs TC-QWIP and InGaAs/AlGaAs BC-QWIP for LWIR and
MWIR dual band cietection. A maximum responsivity of 2.63 A/W was obtained at A, =
10.3 pm, V, = -7.8V, and T = 40K for the LWIR TC-QWIP. The strong quantum
confined Stark shift and the rapid increase of the peak responsivity with applied bias for
the E,-E; transition were observed ir; both the LWIR TC- and stacked- QWIPs. The peak
responsivity at A, = 5.1 um due to bound-to-continuum (B-C) transition was obtained up

to T =120 K for the MWIR BC-QWIP. The peak responsivity for this device at higher
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bias voltages was less sensitiv‘e to temperature while the peak responsivity at lower bias
voltages was found to first increase and then decrease with increasing temperature. The
responsivity at higher bias voltages was saturated due to the saturation of the optical gain
at high bias. The peak wavelength for the MWIR BC-QWIP was found to be at A,=5.1
pm, which was found to be independent of the bias voltage and temperature.

Since the LWIR TC-QWIP reported here used 20 periods of QWs, a large bias
voltage (up to 9 V) has to be applied to this device in order to obtain gain-quantum
efficiency product and high responsivity. For the low background and low bias
applications, short period (3-5 period) TC-QWIP structure should be used so that high
peak responsivity and detectivity can be achieved in a TC-QWIP under low bias

conditions.
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Table 5.1 The layer structure of a high-strain multi-color, two-stack InGaAs/AlGaAs/InGaAs
TC-QWIP and an InGaAs/AlGaAs BC-QWIP grown on the GaAs substrate for the LWIR and
MWIR dual band detection.

Layer Thickness (A) Dopant Concentration (cm™)

n GaAs (top contact) 5000 Si 2x10'
i GaAs 1000 none none

1 Al sGagyg,As 500 none none
1Iny,,Ga, g As 40 none | none

1 Aly0sGago,As 20 none none
11In,,,GaggsAs X 20 40 none none

1 AlysGay g, As 20 none none
n Ing,;Ga, ;As 55 Si 7x10"7
1 AlysGaggpAs 500 none none

1 GaAs 1000 none none
n GaAs 5000 Si 2x10'®
1 Aly,Ga,,As 300 none none
n In,;Ga,,As X3 43 Si 2.5x10"
i Al;,Ga,,As 300 none none
n GaAs (bottom contact) 10000 Si 2x10"
S.1. GaAs substrate 625125 um none none
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Figure 5.1 The schematic conduction band diagram of a high strain, multi-color, two-
stack, InGaAs/AlGaAs/InGaAs LWIR TC- and GaAs/AlGaAs MWIR QWIPs grown on
the GaAs substrate.
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Figure 5.2 The dark current versus bias voltage (I-V) measured at T = 40, 60, and 77K
along with the 180° field of view (FOV) 300 K background window current of the LWIR
TC-QWIP.
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Figure 5.3 The dark current versus bias voltage (I-V) measured at T = 40, 77, 100, 120,
and 150K along with the 180° field of view (FOV) 300 K background window current of
the MWIR BC-QWIP.
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Figure 5.4 The dark current versus bias voltage (I-V) measured at T = 40, 60, and 77K
along with the 180° field of view (FOV) 300°K background window current of the
stacked-QWIP.
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Figure 5.5 The spectral responsivity of the LWIR TC-QWIP measured at T = 40K
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Figure 5.6 The spectral responsivity of the MWIR BC-QWIP measured at (a) 40, (b) 77, (c) 100,
and (d) 120 K.
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6 A HIGH-STRAIN In,,,Ga,;As/GaAs QUANTUM WELL INFRARED
PHOTODETECTOR FOR LWIR DETECTION

6.1 Introduction

Recently, the quantum well infrared photodetectors (QWIPs) using strain layer
structure has been extensively investigated [10]. The strain layers induced by the lattice
mismatched can take advantage of the ability to control the electronic and optical
properties of the heterostructure by modifying the energy band structure. In the design of
the strain structure, the critical thickness is of great importance because below the critical
thickness the thermodynamically stable quality of the pseudomorphic layers can be
obtained and beyond the critical thickness, the misfit dislocations can be produced and
then the strain relaxes. Therefore, the quantum well width should be decreased with the
increasing In mole fraction in inxGa‘_xAs/GaAs material system. When the incident light
is perpendicular to the quantum well layers, the intersubband absorption is theoretically
not allowed by the quantum mechanical selection rule. Therefore, the efficient light
coupling scheme is required for normal incidence absorption, which is the geometry for
the foacl plane array (FPA). The cross-grating (e.g., 2-D) coupler [7,36] can greatly
improve the device performance up to 4 to 5 times higher than the 45° edge coupling. The
main concern of the grating coupler is the optimization of the grating structure for a
specific peak waveleﬁgth. The’ relationship between the peak detection wavelength and

grating parameters for maximum coupling efficiency is given by [10]

A =4hg? /(4n* + g*) | 6.1)
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where /l'p is the peak wavelength in the medium, % is the depth of the grooves, and g is

the periodicity of the grating. In this chapter, a high- strain n-type GaAs/In, ,,Ga, ,;As
BC-QWIP grown on the GaAs substrate has been fabricated and characterized for long-

wavelength infrared (LWIR) detection.

6.2 Device Design and Fabrication

The HS BC-QWIP consists of 6 nm In, ,,Ga, ;;As quantum well (Si-doped to 7 x 10"
cm’) separated by 50 nm thick undoped GaAs barrier as a period, which was repeated 20
times and then sandwiched by two undoped 100 nm GaAs spacer layers to reduce the
tunneling current from the contacts to quantum wells. The ohmic contact layers (Si-doped
to 2 x 10" cm™) were grown on the top (300 nm) and bottom (500 nm) of this HS BC-
QWIP. Table 6.1 gives the layer structure of the sample #97-2N02 including this HS BC-
QWIP structure. Figure 6.1 shows the schematic conduction band diagram and the
intersubband transition scheme for this HS BC-QWIP.

Two batches of HS BC-QWIP test devices with an active mesa area of 216x216 pm’
were fabricated by using standard photolithography aﬁd wet chemical etching procedure.
One batch of devices without grating was polished to 45° facet on the GaAs substrate for
IR back-illumination, and the other batch of devices was covered with the two-
dimensional (2-D) square aperture mesh metal (Au) grating on the top of mesa structure.
The period and the aperture width of this mesh metal grating were g = 4 um and a = 2
um, respectively. F iguré 6.2 shows (a) the schematic diagram for the 2-D square mesh
metal grating and (b) the side view under back-illumination, respectively. These devices

were annealed at T = 450 °C for 10 seconds after AuGe/Ag/Au (300A/1000A/15004) E-
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beam evaporation The test devices were bonded on the TO-8 header for electrical
connection and then mounted in the closed cycle cryogenic system for low temperature
measurements. The dark I-V measurements followed by the analysis of the thermal
activation energy and the spectral responsivity measurement were accomplished to
characterize the device performance. The results of this HS BC-QWIP device

measurements are described follows:

6.3 Results and Discussion

6.3.1 Dark Current Measurements

Figure 6.3 shows the dark current versus bias voltage (I-V) curves of the HS BC-
QWIP measured at T = 35, 40, 50, 60, and 77K along with the 300 K background
| window current at 180° field of view (FOV). The HS BC-QWIP is under background
limited performance (BLIP) in the whole applied bias region at T = 35 and 40K, and

between ~1.4V and 0.5V at T = 50K.

6.3.2 Analysis of Thermal Activation Energy

The activation energy depending on bias voltage has been studied to uﬁderstand the
dark current transport mechanism of this HS BC-QWIP. It is well known that under dark
condition the thermionic emission due to the electrons transferred out of the quantum
wells is dominant at low biases and high temperatures while the thermally generated
carriers tunneling through the barriers is more important at high biases and low

temperatures. The dark current of QWIP is given by

4 = Aevn, (6.2)




where 4 is the detector area, e is the electronic charge, v is the average drift velocity, and

n is the density of mobile carriers, which can be expressed as

v=uF 1+ (uF/v,)*]"?, (6.3)

n=(m /nth,,)wj f(E)T(E,F)dE, (6.4)

where uis the electron mobility, F' is the average electric field, vy is the electron
saturation velocity, m* is the electron effective mass in the QW, Lp is the QWIP length,
J(E) is the Fermi-Dirac distribution function, and T(E F) is the bias-dependent tunneling
current transmission coefficient for a single barrier. For the sake of simplicity, we can
assume that 7(E) = 0 for E<Ep and T(E) = I for E>E}p,. Therefore, n and I can be given
by,

n=(mkT/zh’L,)exp|[-E,, / kT], (6.5)

kT F -E
] — m _ # ac . .
" A[,,m,, ]([n(umsr]‘”]exp[ i } .

where Egc (=Ep-E]-EF) is the activation energy and Ep, Ej, and Ef are the barrier

energy, the ground state energy, and Fermi energy, respectively. The Fermi energy (Ef)

can be calculated from

N, =" AT In{1+exp[%]:l. (6.7)

ah’L

w

As aresult, the dark current (/) is exponentially related to the activation energy (E4.) as

follows,

1, E
-£ o exp| —% . 6.8
T p[ kT} (6.8)




The activation energy (Eg:) can be obtained from the slope of the normalized dark
current (I/T) versus the inverse temperature (/000/T) straight line on a semilog scale.
Figure 6.4(a) and (b) show the normalized dark current (I/7) versus the inverse
temperature at negative biases and the activation energy (E ) versus the applied negative
bias voltage, respectively. The excellent linearity was obtained at different negative
biases as shown in Figure 6.4(a). The activation energy at V' = 0V was found to be Ege=
89 meV by extrapolating the experimental curves. Therefore, the responsivity cutoff
energy (Ep-E] = 107 meV) can be obtained with the Fermi energy (Ef = 18 meV) in
which the ground state energy (E7 = 47 meV) and the Fermi energy (EF) was calculated
from Transfer Matrix Method (TMM) and Eq. (6.7), respectively. The corresponding
cutoff wavelength was A, = 11.58 um, which is in good agreement with the measured
cutoff Ac = 11.4 pm. As clearly shown in Figure 6.4(b), the activation energy was
decreased with the increasing bias voltage, which was due to the electron tunneling

conduction through the barriers at high biases.

6.3.3 Photoresponse measurements

The spectral response was measured at T = 35 K for the HS BC-QWIP by using an 1/8
monochromater, a calibrated blackbody IR source (T = 1273 K), and Oxford CCC1204
closed cycle liquid helium cryostat at 200 Hz chopped frequency. Figure 6.5(a) and (b)
show the spectral responsivity of 45° facet back illumination for the HS BC-QWIP at
different bias voltages and T = 35K. The peak wavelength was found to be 10.5 um

independent of the increasing bias voltage and the bias polarity. The spectral responsivity

was dramatically increased with the increasing bias voltage. The maximum spectral




responsivity at A, = 10.5 um was achieved as much as 8.16 A/W at Vp = -3V and T =
35K. The highly compressive strain can induce the better photoresponsivity due to the
reduction of the electron effective mass as proven in this HS BC-QWIP device. It is noted
that this responsivity is three times larger than that of high strain triple-coﬁpled QWIP
(TC-QWIP) in chapter 2 and 5. The responsivity of normal incidence back illumination
with the 2-D square mesh metal grating coupler was also measured at T = 35K. The
results of the spectral responsivity measurement of the HS BC-QWIP with grating
coupler are shown in Figure 6.6(a) and (b). The peak responsivity was found to be 2.8
A/W at A, = 10.5 um, Vp = -3V and T = 35K, which was much smaller than that of the
45° facet back illumination because the grating parameters with g = 4 um and ¢ = 2 um
was not optimized for 10.5 um peak. The proper selection of the grating parameters is
most important to obtain the maximum grating coupling efficiency. The spectral
responsivity under negative bias was higher than that under positive bias as shown in
Figure 6.5 and 6.6. It indicates that the better device characteristic can be obtained under
negative biases due to the higher responsivity and lower dark current. The background
limited performance (BLIP) detectivities (D*y, ;) for both the 45° facet and grating HS
BC-QWIPs were found to be 3.44 x 10" cm-Hz*/W and 2.02 x 10" ¢cm-Hz*/W at A, =

10.5 pm, Vp =-3V and T = 35K, respectively.

6.4 Conclusions
We have demonstrated a GaAs/In,,,Ga,,,As n-type high strain bound-to-continuum
quantum well infrared photodetector (HS BC-QWIP) for 7 — 13 um long-wavelength

infrared (LWIR) detection grown on the GaAs substrate. The activation energy was
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calculated from the dark current measurement to observe the actual barrier height and the
current transport mechanism. Furthermore, the spectral responsivity was measured with
45° facet back illumination and with 2-D square mesh metal grating back illumination.
The maximum responsivities for both the 45° facet and grating HS BC-QWIPs were 8.16
A/W and 2.8 A/W at A4, =10.5 pm, Vp = -3V and T = 35K, respectively. The background
limited performance (BLIP) detectivities (D*y,p) for the 45° facet HS BC-QWIPs was

found to be 3.44 x 10" cm-Hz"/W at A, =10.5 um, ¥ =-3V and T = 35K.
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Table 6.1 The layer structure of a n-type In,,,Ga,;;As/GaAs high strain bound-to continuum
quantum well infrared photodetector (HS BC-QWIP) grown on GaAs substrate for
LWIR detection: the top stack is this HS BC-QWIP.

Layer Thickness (A) Dopant Concentration (cm™)

n GaAs (top contact) 3000 Si 2x10'®
1 GaAs 1000 none none

1 GaAs 500 none none
n In,,,Ga, ,;As | 20-period 60 Si 7x10"
1 GaAs 500 none none

1 GaAs 1000 none none

n GaAs (middle contact) 5000 Si 2x10"
1 Aly;Ga,,As 300 none none
n In,4sGa,esAs | 3-period 45 Si 2.5x10"®
1Aly,Ga,,As 300 none none
n GaAs (bottom contact) 1000 Si 2x10'8
S.I. GaAs substrate 625+ 25 um none none
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Figure 6.1 The schematic conduction band diagram of a InGaAs/GaAs high strain
bound-to-continuum quantum well infrared photodetector (HS BC-QWIP) for long-
wavelength detection range grown on GaAs substrate.
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Figure 6.2 (a) The structure of square aperture mesh metal grating and (b) side view
under back-illumination: the dark area is metal.

69




<

|._

Z

L

o

o

>

O

é

< 77K

o 60K
50K
40K

35K
|

10-14|||1||||1|||
-35-3-25-2-15-1-050 05115 2 25 3 35

BIAS VOLTAGE (V)

Figure 6.3 The dark current vérsus bias voltage (I-V) measured at T = 35, 40, 60, and
77K along with the 180° field of view (FOV) 300K background window current of the

HS BC-QWIP.

70




-
o
1

H

Negative biases

-
o
[

()]

-
o
'

(oo}

—

o
N
o

DARK CURRENT /T (A/K)

10 15 20 25 30 35

1000/T (KT
(a)

100

Negative biases

80

60

40

20

0 '] N ] 2 l '] AL I R I _R ' ' B I 2 '} L 2
0 -1 -2 -3 -4
BIAS VOLTAGE (V)
(b)

ACTIVATION ENERGY Eac (meV)

Figure 6.4 (a) The normalized dark current (//T) versus inverse temperature (1000/T)
and (b) the activation energy (E,.) versus the applied negative bias voltage (the dots are
the experimental data) for the HS BC-QWIP.

71




-
o

Negative Biases A,=10.5um

(o]

RESPONSIVITY (A/W)

7 8 9 10 11 12 13
WAVELENGTH (um)

(@)

Positive Biases 3V Ap =105 um

RESPONSIVITY (A/W)

7 8 9 10 11 12 13
WAVELENGTH (um)

(b)

Figure 6.5 The spectral responsivity of HS BC-QWIP measured at T = 35K, (a) negative -
and (b) positive biases.
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Figure 6.6 The spectral responsivity of HS BC-QWIP with 2-D square mesh metal
grating coupler measured at T = 35K, (a) negative and (b) positive biases.
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7 BROADBAND QUANTUM WELL INFRARED PHOTODETECTORS

7.1 Introduction

In the last few years, considerable interest has been directed towards the development
of multicolor infrared photodetectors based on quantum well infrared photodetectors
(QWIPs) for the 3-5 um mid-wa?elength infrared (MWIR) and 8-14 um long-wavelength
infrared (LWIR) applications [8,10,13,37,43-47]. Typical quantum well infrared
photodetectors (QWIPs) exhibit rather narrow spectral bandwidths of one or two microns.
Héwever, for certain applications such as spectroscopy, it calls for the sensing of a broad
range of infrared photons. Most multicolor QWIPs are composed of various QWIP layers
with different detection peaks in series; which are sometimes separated by ohmic contact
layers [13,39-41,44,45]. Recently, Bandara et al. [38] reported a broadband n-type QWIP
sensitive in the 7-14 um LWIR spectral range. In addition, the asymmetrical quantum
well structure with the linear graded barrier has been reported for the broadband detection
[41,42]. In this chapter, we report five new broadband (BB) QWIP designs for the
broadband detection of LWIR radiation. This was achieved by using three to five
quantum wells that have varying layer thickn;:ss or composition as a unit cell and

repeating the unit cell to make up the BB-QWIP.

7.2 Layer Composition and Device Processing

The three well n-type BB-QWIP consists of an In,,Ga,;As quantum well of 6.5 nm,
an In, ,sGa, gsAs quantum well of 6.5 nm and an Iny,Ga, ,As quantum well of 7.0 nm each

separated by a 45 nm thick undoped Al ,,Ga, o;As barrier. Each quantum well is Si-doped
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to 7x10"" cm™. The complete unit cell of three quantum wells and barriers is then repeated
20 times and surrounded by a 300 nm thick of GaAs (Si doped to 3x10'® cm™) ohmic cap
and a bottom buffer layer of similarly doped GaAs 500 nm thick. The schematic band
diagram and complete layer structure for this QWIP are shown in Figure 7.1 (a) and (b),
respectively. Figure 7.2 (a) and (b) show the schematic energy band diagram and
complete layer structure of the four-well n-type BB-QWIP. This four-well n-type BB-
QWIP copsists of an In,;Ga,,As quantum well of 6.5 nm, an In,,;Ga, ,sAs quantum well
of 6.5 nm, an In,,Gay As quantum well of 7.5 nm and an In,,,Ga, sAs quantum well of
8.5 nm all separated by 45 nm thick undoped barriers of GaAs. The quantum wells are
doped with Si to a density of 7x10"" ¢cm”, and the complete-structure is then surrounded
by extra undoped GaAs barriers 35 nm thick (to form an 80 nm thick blocking barrier)
and 0.3 um and 0.5 pm thick GaAs ohmic contacts doped with Si to 3x10'® cm?. The
four-quantum well and barrier unit was repeated 20 times to create the whole stack. The
five-well n-type BB-QWIP consists of an In, ,Ga, 4;As quantum well (QW) of 8.5 nm, an
In, ,Ga,oAs QW of 7.5 nm, an In,,;Ga,g;As QW of 6.5 nm, an In, ;Ga,4,As QW of 6.5
nm, and an In,,,Gay,;,As QW of 6.2 nm separate':d by a 45 nm thick undoped
Aly;Gage;As barrier in a unit cell. The first three In,,,Ga,,As, In,,Ga,,As, and
Ing,sGayssAs QWs were Si-doped to 7x10" cm™ while the In, ;Ga,s,As and In, ,,Ga, ,As
QWs were Si-doped to 1x10" cm”. The complete unit cell was repeated 3 times (top

stack) and 7 times (bottom stack) in series to form a two-stack BB-QWIP structure on the
same GaAs substrate. Finally, the ohmic contact layers (Si-doped to 3x10'® cm™) were

grown on the top of the 3-period stack, on the bottom of the 7-period stack, and between
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the two stacks. Figure 7.3 (a) and (b) show the schematic energy band diagram and
complete léyer structure of the five-well n-type BB-QWIP.

The variable composition p-type BB-QWIP is very similar to the three- well n-type
BB-QWIP in operating principle, with variable material and layer thickness of the
quantum well and barriers. The variable composition p-type BB-QWIP consists of an
In,,Ga, ,As quantum well 5.0 nm thick, an In,,;Ga,,sAs quantum well 5.5 nm thick and
an Iny,Ga, As quantum well 6.0 nm thick each separated by a 40 nm thick undop.ed.
GaAs barrier. Each quantum well is Be-doped to 4x10'® cm™. The complete unit cell of
the‘three- well and barriers is repeated 20 times and surrounded by an ohmic cap layer
300 nm thick of Be-doped GaAs (p=4x10'® cm™) and a bottom buffer layer of similarly
doped GaAs 500 nm thick. Figure 7.4 (a) and (b) show the schematic energy band
~ diagram and the complete layer structure of the variable composition p-type BB-QWIP,
respectively. Unlike the n-type devices, we were able to design another three- well p-type
BB-QWIP to explore the effects of only varying the well thickness in the device design.
This variable thickness p-type BB-QWIP design consists of three quantum wells of 4.5,
5.5 and 6.2 nm thick In,,;Ga,,;As with Be- doped to 4x10'" cm™. The unit cell was-
separated by 40 nm thick undoped GaAs barriers, which was then repeated 20 times to
form the absorber layers. The whole stack was then sandwiched by the 0.3 pm and 0.5
um thick GaAs ohmic contacts with Be- doped to 4x10' cm™. The schematic energy
band diagram and the complete layer structure are shown in Figure 7.5 (a) and (b).

In order to characterize the devices, a wet chemical etch was used to create a 216x216

um’ mesa structure for the test devices. The Cr/Au was used to form the top and bottom
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ohmic contacts for the p-type BB-QWIP. The AuGe/Ni/Au annealed at 450°C for two
minutes was used as the top and bottom ohmic contacts for the three- and four-well n-
type BB-QWIPs, while AuGe/Ag/Au ohmic contacts were evaporated with 10 seconds
annealing at T = 450 °C for the five-well n-type BB-QWIPs. To facilitate normal
incidence illumination for both the p-type and n-type BB-QWIPs, a ring contact around
the mesa edge was used to allow light to pass through to most of the mesa top surface
with a 75% fill factor. A 45° polished edge was also lapped in the n-type BB-QWIP 50
that 45° incident IR radiation could be used in the test devices. All of the devices were
mounted on TO-8 chip carriers and wire bonds were attached ultrasonically for electrical

connection.

. 7.3 Design Consideration

When In Ga, ,As with high indium content (i.e., x > 20 %) was chosen for the QWs in
the BB-QWIP design, one must take into account the effects of compressive strain on the
QWIP layer structure. One important aspect that must not be overlooked in the design of
reliable and functional p-QWIPs is the limitation to the epilayer thickness imposed by the
induced biaxial compressive strain. If the intentionally introduced biaxial stress between
the QW layers and the barrier layers is less than the biaxial stress needed for the given
well thickness to become a critically thick layer, then pseudomorphic or coherent
interfaces can be grown without the introduction of defects between the layers. Based on
the force balance model [48-51], the equilibrium critical layer thickness, L., for an
epilayer with the lattice constant a, grown on a substrate with lattice constant, ag, is given

as
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ch( a J 1-vcos’ ® [1+ln<lq\/§/a)] (7.1)

V268, ) 8x(1+ v)cosa
where [4 is the epilayer thickness, @ is the angle between the dislocation line and the
Burges’ vector, a is the angle between the slip direction and the layer plane direction, &,

is the lattice mismatch or the in-plane strain, and v is the Poisson ratio. The Poisson ratio
is defined as v = -Cj2/Cj .- In order to determine the detection peak wavelength of the
QWIP we must first perform theoretical calculations of the intersubband transition
enérgy. This can be achieved by using the transfer matrix method (TMM) [48]. The
energy levels of the bound states in the QWs and the transmission coefficients for each
intersubband transition can be determined from the TMM calculations for the BB-
QWIPs. Since all the BB-QWIPs studied in this ‘work use In,Ga, As for the QWs, we
must also take into consideration the shifting of the energy subbands in the conduction
énd valence bands as a function of applied strain. If the QWIP structure is grown along
the [100] direction and the strained-layer thickness is within the critical thickness, L,

then a coherent heterointerface can be obtained, and the components of the strain tensor

[e] are simplified to the expressions given by

Cix T €, T €
(2(:12) 72)
e, = —e )
z I C”
e, =¢e,=¢e,=0

In addition to altering the physical parameters of the QWIP, lattice strain can also induce

energy band shifts, which can be used to alter the absorption characteristics of the QWIP.
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The strain induced energy band shifts in the conduction band, the heavy-hole and light-
hole subbands can be approximated as follows

C,-C,

AE, =2¢, — ) (7.3)
C i C“ 0
AE. = bMé‘ 7.4
hh C 0 ( . )
11
AE, =-AE,, + (AEM])_ (7.5)
24,

where ¢ is the combined hydrostatic deformation potential which characterizes the
splitting of the I'g valence band under strain, and b is the shear deformation potential, and

Ay is the spin orbit split-off energy [52]. The total hydrostatic deformation potential

cj+Vy, where V,, is the valence band deformation potential, can be expressed by [53]

0

&
P (7.6)

1
¢ +V, = —E(CH +2C,)

where dEog/dP is the unstrained energy band gap change with respect to the unit pressure.

The effect of strain on the energy band structure resul'ts in the splitting of the heavy-hole
and light-hole band at the .valence band zone center [54] (i.e., the in-plane wave vector k,
= 0), which is degenerate in the unstrained case. When tensile strain is applied between
the QW and the barrier layers [55-57] along the superlattice growth z-direction, the strain
can push the light-hole levels upwards and pull the heavy- hole levels downwards. We}
can therefore expect heavy- hole and light-hole states to invert at a specific lattice strain
and QW thickness. This phenomenon will in turn cause the intersubband transitions in a

QWIP structure to take place from the populated light-hole ground state to the upper
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energy band states. Since the light- hole has a smaller effective mass (comparable to the
electron effective mass), the optical absorption and spectral responsivity in the strained
layer p-type QWIP can be greatly enhanced, as a result of introducing strain in the QW.
In addition to the utilization of the light-hole states with small effective masses, certain
heavy-hole states under the compressive-strain may also have similar characteristics, such
as higher mobility, .smaller effective mass, and longer mean free path, which in turn
favorably alter the intersubband absorption and transport characteristics, as shown by
Hirose, et al. [58]. This is achieved by distorting the heavy-hole valence band at and near

the zone center via the introduction of compressive strain in the QW.

7.4 Characterization Results and Discussion

First, we will discuss the results of three-, four-, and five-well n-type BB-QWIPs. The
next subsection will cover the two p-type BB-QWIPs in this order, the variable
composition three- well p-type BB-QWIP and then the variable thickness p-type BB-
QWIP. The responsivity wés measured using a blackbody source set at 1273 K, running
through a 1/8m monochrometer with the appropriate filters as the source of IR radiation,
which is also chopped at a given frequency. The device is mounted in a closed cycle
liquid helium cryo-system. The output of the device is then amplified by a trans-
impedance amplifier (TIA) with a gain of 10° V/A. The output of the TIA is then sent to a
lock-in amplifier to determine the phase and magnitude of the output signal. The relative
responsivity curve is then normalized against the response of a pyroelectric detector to

determine the absolute responsivity.
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7.4.1 N-type Broadband QWIPs

As shown in Figure 7.6, the n-type three-well BB-QWIP exhibits a large responsivity
peak at 10 pm. This is in excellent agreement with the predicted peak response by TMM
[9] at 9.7 um. As can be seen in this figure, when the bias is increased the absolute
responsivity also increases rapidly. A maximum responsivity value of 1.90 A/W was
obtained at 7=40 K, Vp=+6 V, with 45° facet illumination. It is also interesting to note
that the bandwidth of the responsivity increases with increasing bias voltage under
negative bias condition. For example, the full-width half-maximum (FWHM) spectral

bandwidth of the device at Vp=+4 V is AA/2p=13%, while the bandwidth at V3=-4 V is

AL/Ap=18%. Figure 7.7 shows the responsivity of the n-type BB-QWIP at lower applied
biases. Here we see that the bandwidth of the device at |Vp|<2 V, is very broad with a
maximum value of ANAp=21% at Vp=-2 V, and a responsivity of 58 mA/W at 10 pum. It
is interesting to note that the relative responsivity of the shorter and the longer
wavelength quantum wells covers a larger proportion of the peak responsivity at the low
bias levels than at higher (e.g., Vp>4 V) biases. Also note the very broad responsivity
curve of the n-type BB-QWIP at V3=-1 V. The célculated spectral bandwidth at Vp=-1V
is AL/Ap=40%. The responsivity at Ap=10 pm is 5 mA/W. However, due to the very low |
dark current (I75=50 nA) at this bias, the detectivity is expected to be on the order of 10"
cm-Hz"”/W. A normal incidence response of approximately 50% of the 45° value was
found for this device under all of the biases tested. Figure 7.8 shows the dark current as a
function of applied bias and device temperature, with the 300 K background photocurrent

at a field-of-view of 180° superimposed. Note that at 60 K the device is under
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background limited performance (BLIP) when the applied bias is between +5V. The
device is under BLIP at 70 K for -1 V<J'3<0 V. Comparing figures 7.9 (a) and (b), the
most striking feature of the results of the four- well n-type BB-QWIP is that the FWHM
bandwidth is drastically increased, especially in the negative bias case. In figure 7.9 (b),
we find that AL/4,=29% with a 4,=10.3 um at Vp=-4 V. The spectral bandwidth
achieved is almost twice that of the three - well n-type BB-QWIP. It is also interesting to
note the increasing dominance. of the 12 um peak at higher negative biases, which
significantly contributes to the flatness of the responsivity curve for Vp>-4 V. As shown
in Figure 7.10 (a), we also observed a normal incidence response of this device of up to
60% of the 45° facet values. Figure 7.10 (b) shows the measured dark /-V curves of the
four- well n-type BB-QWIP. Note the nearly complete symmetry dark I-V characteristics
under negative and positive biases. The larger dark current of the four - well device when
compared to the three- well device is attributed to the lower barrier height of the longest
wavelength well in the four- well n-type BB-QWIP, when compared with the longest
~wavelength well of the three- well BB-QWIP. Comparing with the three- well n-type
BB-QWIP, the BLIP operating temperature of this device is predicted to be around 50 K.
Figure 7.11 shows the dark current versus bias voltage (I-V) curves of the 3-period five-
well BB-QWIP measured at T = 40, 50, 60,and 77K along with the 300 K background
window current at 180° field of view (FOV). The 3-period five-well BB-QWIP is under
background limited performance (BLIP) when tﬁe applied bias is between —3V and 3V at
T = 40K, and between —1.2V and +1.2V at T = 50K. Figure 7.12 shows the measured

dark current of the 7-period five-well BB-QWIP as a function of the applied bias voltage
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at T =40, 50, 60,and 77K along with the 300 K background window current at 180° field
of view (FOV). The 7-period five-well BB-QWIP is under background limited
performance (BLIP) between —2.2V and +2.1V at T = 50K. The dark I-V curves of the 7-
period device show a similar behavior as those of the 3-period BB-QWIP.

The spectral response was measured at T = 40 K for both the 3-period and the 7-period
five-well BB-QWPs. Figure 7.13 (a) and (b) show the spectral responsivity of the 3-
pefiod five-well BB-QWIP measured at different bias voltages and T = 40K. The
detection scheme for this device is based on the bound-to-quasi-bound intersubband
transition. As seen in Figure 7.13, the absolute responsivity was increased rapidly when
the applied bias was increased. It is interesting to note that the relative responsivity of the
shorter wavelength quantum well dominates a larger portion of the peak responsivity at
smaller negative biases (Vp < -1.75V) than at higher negative biases, while the detection
of the longer wavelength quantum well is more noticeable at smaller positive biases (Vp <
1.75V) than at higher positive biases. The maximum responsivity was 1.28 A/W at V} = -
2V and Ap = 10.2 pm. The spectral responsivity of the 3-period five-well BB-QWIP was
relatively flat at lower positive biases (Vp < 1.5V). The full-width half-maximum
(FWHM) spectral bandwidth of the 3-period five-well BB-QWIP was increased with
increasing bias voltage at both negative and positive bias voltages. The calculated
spectral bandwidth at Vp =2V is A4/2) = 28 % while the bandwidth at V' = -2V is ANy
= 24 %. The 7-period five-well BB-QWIP photoresponse was also measured at different
bias voltages and T = 40K. Figure 7.14 shows the spectral responsivity of the 7-period

five-well BB-QWIP under (a) negative and (b) positive biases. Under negative biases, the




peak responsivity wavelength was shifted with the increasing bias voltage from the
shorter wavelength range to the longer wavelength range while this trend was reversed
under positive biases as observed in the 7-period five-well BB-QWIP. The maximum
responstvity was 1.16 A/W at Vp = -4.5V and Ap = 10.5 pum. The full-width half-
maximum (FWHM) spectral bandwidth of the 7-period five-well BB-QWIP was
increased with increasing bias voltage at both polarity biases and narrower under negative

biases than under positive biases. The calculated spectral bandwidth at 7 = 4.5V is

AV2p = 26 % while the bandwidth at Vp = -4.5V is ANM2p = 23 %, which are nearly
independent of the QW period. The dependence of responsivity on the QW period was
studied as a function of the applied electric field. Figure 7.15 (a) and (b) show the peak
responsivity versus electric field, and the responsivity versus electric field at a fixed
- wavelength (A = 10.2 um), respectively. The results reveal that the responsivity of the 3-
period BB-QWIP was larger than that of the 7-period BB-QWIP at high electric field,
while the responsivity at low electric field was found to be nearly independent of the
device period. The background limited performance (BLIP) detectivities (D*;; ) for both
the 3-period and the 7-period five-well BB-QWIPs were found to be 1.36 x 10" cm-
Hz"/W at &, = 9.6 um, Vp =2V and T = 40K, and 1.27 x 10'"° cm-Hz"/W at A, =9.9 pm,

Vp=4.5V and T = 40K, respectively.

7.4.2 P-type Broadband QWIPs

Next, we will discuss the results of the p-type BB-QWIPs. Figure 7.16 shows the

absolute responsivity as a function of applied bias and incident IR radiation wavelength.

This p-type BB-QWIP has a response peak at 9.3 um, with a maximum responsivity of




19 mA/W at 7=40 K and Vp=-1.5 V. Also under the previously stated operating
conditions, the FWHM spectral bandwidth is AA/Ay=48%. The half peak range is from 7
to 11.2 um. The peak responsivity was found to increase linearly with applied bias under
negative bias condition. In contrast to the responsivity curve exhibited by the nftype BB-
QWIP, the p-type BB-QWIP does not seem to have a large variation of spectral
bandwidth as a function of applied bias. For example, the bandwidth of the device at low
(Vp=-0.5 V) biases was found very broad with AL/Ap=48%. However, this device does
no;[ exhibit the large' increase in responsivity at high biases as in the case of the n-type
BB-QWIP. All of the responsivity measurements were made by illuminating the top ring
contact with IR light for normal incidence, and the IR radiation is considered to have only
pass through the layer structure once. As can be seen in Figure 7.17, the dark current
increases as the device temperature is increased, and there is dopant migration effect
which is illustrated by the asymmetrical nature of the dark /-V characteristic. In Figure
7.18 (a) and (b) we see the variation of responsivity as a function of applied bias and
incident radiation wavelength at 7=40 K for the variable thickness p-type BB-QWIP.
This p-type BB-QWIP has a response peak at )\4‘;:9.6 pm with a corresponding FWHM
bandwidth of AA/Ap=63% under all applied biases from 6.5 to 12.5 um wavelength range.
A maximum responsivity of 25 mA/W was obtained under normal incidence single pass
illumination at V3=+1.1 V. Also can be seen in these figures, there is a slight PV response
with a peak at 10.2 pm. Figure 7.19 shows the dark J-V characteristic of the variable
thickness p-type BB-QWIP as a function of device temperature. When comparing the two

p-type BB-QWIPs, we see that the variable thickness p-type BB-QWIP has higher
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responsivity with a longer peak wavelength and a significantly larger FWHM spectral

bandwidth.

7.5 Conclusions
We have demonstrated five quantum well infrared photodetectors which exhibit broad
spectral response bandwidths. The three- well n-type BB-QWIP was found to have a

response peak at 10 um, with a FWHM bandwidth that varies as a function of applied

bias polarity and magnitude. The maximum bandwidth of AA/2p=21% was obtained at
Vp=-2 V, with a peak responsivity of 58 mA/W, whereas the minimum bandwidth of
A2/Ap=12% was observed at V=6 V, with a peak responsivity of 1.90 A/W at this bias.
It is interesting to note that the two other response peaks predicted and seen in this device
do not seem to exhibit nearly as much responsivity as the 10 pm peak at higher biases
(IVpP>3 V). The four - well n-type BB-QWIP not only exhibits a very large responsivity
of 2.35 A/W at 103 pm and Vp=+4.5 V, but also shows a broad bandwidth of
AVAp=29% which extended from 9.5 to 12.5 um. It is possible to flatten out the
responsivity curve of both n-type BB-QWIPs by tailoring the grating period and
dimension used to couple normal incidence radiation so that the shorter wavelengths are
enhanced. For the 3-period five-well BB-QWIP, the maximum bandwidth and the
background limited performance (BLIP) detectivity (D*;,,,) were found to be AV Ap =128
% and 1.36 x 10" cm-Hz"*/W at Vp, = 2V with a 1.05 A/W peak responsivity at Ap=9.6

um. The peak responsivity for the 7-period five-well BB-QWIP was 1.16 A/W at Vp = -

4.5V, Ap = 10.5 pm, and T =40K. The corresponding D*y,;, was found to be 1.3 x 10"
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cm-Hz"/W. It is noted that the device performance was found to be nearly independent of
the BB-QWIP period. The variable composition p-type BB-QWIP was found to have a
very large FWHM bandwidth of AA/Apy=48% at T=40 K and Vp=-1.5 V. Under similar
condition, the variable thickness p-type BB-QWIP was found to have an even larger
FWHM bandwidth of AV Ap=63% at T=40 K and Vp=+1.1 V, with a corresponding peak
responsivity of 25 mA/W at 10.2 um. Comparing the two p-type BB-QWIPs, the
variable thickness p-type BB-QWIP has better performance in terms of responsivity and
FWHM bandwidth. When comparing the n- and p-type BB-QWIPs, we see that if the
responsivity bandwidth is the dominant factor then a p-type BB-QWIP would be the
detector of choice. But if the absolute responsivity is the most important consideration,

then the obvious choice would be one of the n-type BB-QWIPs.
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(b)

Figure 7.1 (a) The schematic energy band diagram and (b) the complete layer structure
for the three - well n-type InGaAs/AlGaAs BB-QWIP.
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Figure 7.2 (a) The schematic energy band diagram and (b) the complete layer structure
for the four- well n-type InGaAs/GaAs BB-QWIP.
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Figure 7.3 (a) The schematic energy band diagram and (b) the complete layer structure
for the five-well n-type InGaAs/GaAs BB-QWIP.
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Figure 7.3 (continued)
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Figure 7.4 (a) The schematic energy band diagram and (b) the complete layer structure
for the variable composition p-type BB-QWIP.
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Figure 7.5 (a) The schematic energy band diagram and (b) the complete layer structure

for the variable thickness p-type BB-QWIP.
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Figure 7.6 The measured absolute responsivity for the n-type three- well BB-QWIP as a

function of applied bias and incident IR wavelength at 7=40 K. The responsivity is
measured through a 45° facet.
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Figure 7.8 Measured dark I-V characteristics of the n-type three- well BB-QWIP with the
300 K background photocurrent superimposed. The FOV=180° for the 300K background
photocurrent.
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Figure 7.9 The measured 45° responsivity at (a) positive and (b) negative bias for the
four - well n-type BB-QWIP.
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Figure 7.10 (a) The normal incidence responsivity as a function of applied bias compared
with the 45° responsivity and (b) the measured dark I-V curves of the four -well n-type
BB-QWIP.

98




10
107
~ 300K BG
il; .
=
5 10°
o
1
3
e 10_8
hdl
<
)
10-10 77K
60K
/ 50K
40K
10_12 L g 1 4 3 L L | T
-3 -2 -1 0 1 2 3

BIAS VOLTAGE (V)
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Figure 7.12 The dark current versus bias voltage (I-V) measured at T = 40, 50, 60, and
77K along with 180° field of view (FOV) 300K background window current for the 7-

period BB-QWIP
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Figure 7.13 The spectral responsivity of the 3-period BB-QWIP measured at T = 40K,
under (a) negative and (b) positive bias conditions.
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Figure 7.14 The spectral responsivity of the 7-period BB-QWIP measured at T = 40K,
under (a) negative and (b) positive bias conditions.
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Figure 7.15 A comparison of the responsivity for the 3-period and 7-period BB-QWIPs
as a function of the electric field: (a) the peak responsivity versus the electric field and (b)
the responsivity versus the electric field at & = 10.2 pum (the solid and the dashed lines are
for the 3-period and the 7-period BB-QWIPs, respectively).
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Figure 7.16 The responsivity versus wavelength of the p-type variable composition BB-
QWIP under different applied biases and at T=40 K. The results were measured for a
single pass at normal incidence.
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Figure 7.17 The measured dark I-V characteristics of the p-type variable composition
BB-QWIP as a function of device temperature.
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Figure 7.18 The responsivity versus wavelength of the p-type variable thickness BB-
QWIP under (a) positive bias and (b) negative bias conditions.
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Figure 7.19 Measured dark I-V characteristics of the p-type variable thickness BB-QWIP
at different temperatures.
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8 CONCLUSIONS

In this report, we have presented several high performance and novel quantum well
infrared photodetectors (QWIPs) for the 3-5 pm mid-wavelength infrared (MWIR) and 8-
14 um long-wavelength infrared (LWIR) detection. A high sensitivity high-strain
InGaAs/AlGaAs/InGaAs triple-coupled (TC-) QWIP has been characterized for LWIR
and low background applications. The broadband triple-coupled QWIP (BB-TC-QWIP)
with high-strain three-stack TC-QWIP structure has been demonstrated for the LWIR
detection. The three-, four-, and five-quantum well broadband QWIPs (BB-QWIPs) were
also investigated for the LWIR detection. In addition, The high-strain, multi-color, two-
stack QWIPs were developed for the MWIR and LWIR dual-band detection in which the
top-stack was high-strain TC-QWIP for LWIR detection and the bottom-stack was
bound-to-continuum (BC) QWIP for MWIR detection. The TC-QWIP grown InP
substrate was also developed for MWIR detection. Finally, The high-strain InGaAs/GaAs
QWIP with and without 2-D grating coupler has been characterized for LWIR detection.

“The results are described as follows:

e A very high sensitivity high-strain InGaAs/AlGaAs/InGaAs triple-coupled (TC-)
QWIP has been developed in this work for LWIR and low background applications.
The detector shows excellent responsivity, detectivity, and BLIP temperature. A
linear wavelength tunability by applied bias is demonstrated in this TC-QWIP in the
LWIR spectral window.

e A new InGaAs/AlGaAs/InGaAs broadband triple-coupled quantum well infrared

photodetector (TC-QWIP) for 8-14 um long-wavelength detection has been

108




fabricated and characterized. The three—stack structure was developed to detect the
broader wavelength range, in which each stack has different peak wavelengths by
varying Al composition and quantum well width. The peak responsivity and the BLIP
detectivity (D*) at 4, = 10.6 um, ¥, =-52V, and T = 40K was found to be 2.75 A/W
and 1.98 x 10'° cm-Hz'"*/W, respectively.

Design, fabrication, and characterization of a mid-wavelength infrared triple-coupled
quantum well infrared photodetector (MWIR TC-QWIP) has been carried out. The
peak responsivity at 4, = 4.6 um, V, = -5.5V, and T = 77K was 0.31 A/W. The
background limited performance (BLIP) detectivity (D*) at A, = 4.6 um was found to
be 2.65 x 10'° cm-Hz">/W at Vy=-45V,and T = 77K. This device can be operated
up to T = 116K, and the spectral responsivity was insensitive to the temperature
increase. |

A multi-color, two-stack, high-strain InGaAs/AlGaAs/InGaAs asymmetrical triple-
coupled (TC-) and InGaAs/AlGaAs bound-to-continuum (BC) quantum well infrared
photodetector (QWIP) for the LWIR and MWIR dual band detection has been
demonstrated. For the LWIR TC-QWIP, the peak responsivity was 2.63 A/W at A, =
10.3 um, V, =-7.8V, and T = 40K. The corresponding BLIP detectivity was found to
be 2.0 x 10" em-Hz"*/W. The spectral response of the MWIR BC-QWIP can be
detected up to T = 120K, .and the peak wavelength was at 5.1 um. The three peak
detection wavelengths at T = 40K and Vj, = -9V were found to be at 5.1 um, 7.6 pm,
and 10.3 pm in this stacked- QWIP.

An n-type GaAs/InGaAs high-strain bound-to-continuum quantum well infrared

photodetector (HS BC-QWIP) for LWIR detection has been developed. The
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activation energy depending on bias voltage has been analyzed to understand the dark
current transport mechanism. A maximum responsivity of 8.16 A/W was obtained at
Ap = 10.5 um, ¥V, = -3V and T = 35K for the 45° back-illumination. The HS BC-
QWIP with the 2-D square mesh metal grating coupler was also measured at T = 35K.
The bias voltage dependent activation energy has been analyzed to understand. the
dark current transport mechanism.

Three-, four-, and five-well n-type and three-well p-type InGa;. As/Al,Ga;j.yAs
broadband quantum well infrared photodetectors (BB-QWIPs) grown on the GaAs
substrate for 7-14 pum long-wavelength detection have been demonstrated. For the n-
type three-well BB-QWIP, a maximum bandwidth of 44/4, = 21 % was obtained at
Vi, = -2V with the peak wavelength of 4, = 10 um. The n-type four-well BB-QWIP
not only exhibits a very large responsivity of 2.31 A/W at 4, = 10.3 pym and V} =
4.5V, but also achieves a broader bandwidth of 44/4, = 29 % than the three-well
device. For the 3-period five-well BB-QWIP, the maximum bandwidth and the
background limited performance (BLIP) detectivity (D*ppip) were A4/, = 28 % and
1.36 x 10'° cm-Hz'/W at ¥ = 2V with a 1.05 AW peak responsivity at 4, = 9.6 pm.
It is noted that the device performance was nearly insensitive to the QWIP period.
The variable composition p-type BB-QWIP has a very large FWHM bandwidth of
A2, =48 % at Vy=-1.5 V and T = 40 K. The variable thickness p-type BB-QWIP
was found to have an even broader FWHM bandwidth of A1/4, =63 % at V;,=1.1V |

and T =40 K, with a corresponding peak responsivity of 25 mA/W at 4, =10.2 pm.
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The device performance for QWIPs developed in this project are summarized in Table
8.1, which lists the detection wavelength region, period, applied bias, operating
temperature, peak wavelength, full-width half-maximum (FWHM) spectral bandwidth,
spectral responsivity, and detectivity. The voltage tunable wavelength shift was obtained
in both the LWIR and MWIR TC-QWIPs. A maximum spectral responsivity of 8.16 A/W
was found in the high-strain InGaAs/GaAs BC-QWIP. The three-stack TC-QWIP can
provide a broader bandwidth detection than that of the single-stack TC-QWIP. The multi-
color detection covering both the MWIR and LWIR spectral regions was achieved in the
stacked TC- and'BC-QWIPs structure. In addition, the broadband detection for 8- 14 pm
long-wavelength region was achieved in the 3-, 4-, and 5-well BB-QWIPs. In particular,
a very broad FWHM spectral bandwidth of A4/, = 63 % was obtained for the p-type 3-
well BB-QWIP. The estimated BLIP detectivity (D*pLip) was in the range of low to mid
10" em-Hz*/W for QWIPs developed in this project. In view of the high responsivity,
low dark current and high detectivity obtained in the high-strain TC-QWIPs developed in
this project, it is recommended that further development of this detector for larger array
.focal plane array applications should be undertaken for LWIR and multi-color imaging

array applications.
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Table 8.1 Summary of the device performance for QWIPs developed in this project.

QWIP Detection region | Period | Bias | T(K) Ap A, R; D*
\% % A/W ,
I (n-type) LW 10 45 | 77 9.8 11 1.3 | 2x10"(non-BLIP)
2 (n-type) LW 14 52 | 40 | 106 19 2.75 | 2x10'° (BLIP)
3 (n-type) MW 10 55 | 77 4.6 15 0.31 | 4.3x10°
(non-BLIP)
4 (n-type) LW 20 7.8 | 40 | 103 11 2.63 | 2x10"°(BLIP)
MW 3 -1.3 77 5.1 16 027 | 1.2x10"°(BLIP)
5 (n-type) | LW 45° 20 -3 35 | 105 20 8.16 | 3.4x10'°(BLIP)
grating 24 2.8 | 2x10"°(BLIP)
3-well 20 -4 10 18 1 3.1x10"(BLIP)
n-type 4-well -4 10.3 29 1.5 | 2.3x10"(BLIP)
6 LW | 5-well 3 2 40 10.2 24 1.28 | 1.4x10"°(BLIP)
7 4.5 10.5 23 1.16 | 1.3x10"(BLIP)
p-type 3-well* 20 -15 9.3 48 | 0.019 | 3.6x10°(BLIP)
3-well** +1.1 9.6 63 | 0.025 | 9.5x10°(BLIP)
Note:
1. High-strain (HS) TC-QWIP
2. Three-stack BB TC-QWIP.
3. MWIR TC-QWIP grown on InP substrate.
4. Two-stack, high-strain, multi-color, TC- and BC-QWIPs
5. High-strain InGaAs/GaAs BC-QWIP.
6. Three-, four-, and five-well BB-QWIPs.
*  variable composition
%

* variable thickness
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