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l. Project objective

This DURIP project focuses on developing a measurement setup for the study of the carrier
dynamics in Ga-free InAs/InAsSb type-11I superlattices (T2SL) based infrared photodetectors.

Ga-free InAs/InAsSb T2SLs offer great advantages for MWIR and LWIR laser and detector
applications due to their broad bandgap tunability and material uniformity. We have been
supported by a recent ARO MURI program to study the defects and their mitigation in
antimony-based T2SLs, and by a joint program from AFOSR and ARO to demonstrate novel

optically-addressed multicolor photodetectors and focal plane arrays.

I1. Experimental systems upgrade

The transient signals from the T2SL samples, including optical signals and electrical signals,
provide useful information for the understanding of the materials and devices. Time-resolved
photoluminescence (TRPL) is a relatively traditional way to characterize the carrier lifetime in
bulk material. We have developed a method that can significantly suppress the noise in our TRPL
setup so as to make the measurement much more efficient. Furthermore, the transient electrical
signal decays such as open circuit voltage decay and photocurrent decay in the photodetectors can
offer more information about the carrier dynamics under the working conditions of the
photodetectors. Experimental systems that can carry out the measurement for such transient
electrical signals are also developed. In this DURIP program, four experimental systems are
compiled or upgraded for the characterization of InAs/InAsSb T2SL materials and photodetector

devices.

1. TRPL system

A previously used TRPL system was upgraded with new equipment and a Real-time Baseline
Correction (RBC) method is developed, which make the measurement more efficient. As shown in
Figure 1, the newly purchased equipment is in the blue dashed boxes, and the equipment used for
the RBC modification of the experiment is marked using the red circles. The newly purchased
equipment includes a fast HgCdTe (MCT) detector and a 1064 nm pulse laser. The new fast MCT
detector has an effective area of 0.5 mm x 0.5 mm, 24 times larger than the old one. The larger
effective area collects more photoluminescence (PL) and the signal intensity is enhanced. The new
1064 nm laser has a short pulse width of less than 1 ns, and a high pulse energy of 7 pJ, which
enables the system to resolve the short lifetime of the samples with weak PL signals. The RBC
method implants a chopper and a lock-in amplifier into the system and suppresses the noise by 2
orders of magnitude. The upgraded TRPL system can perform experiments with a higher cutoff
frequency and a larger signal-to-noise ratio.
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Figure 1. The block diagram of the upgraded TRPL system. The detector and laser are newly
purchased. The chopper and lock-in amplifier are implanted to suppress the noise. After the

upgrade, the system has a higher cutoff frequency and a larger signal-to-noise ratio.

2. Cryostat-based time-resolved electrical signal measurement system

In this system, the detector samples are wire-bonded and the electrical signals are extracted
using copper wires, providing a cut-off frequency of 1 MHz. The samples in the cryostat can be
cooled down to 8 K with a thermal shield and down to 12 K without the thermal shield for optical
injection. Multiple lasers have been purchased and integrated into this system. With multiple
lasers at different wavelengths, the system is capable of testing the behaviors of the device at
different light absorbing conditions, providing useful information for the understanding of the
device physics. This system can be used for both transient open circuit voltage measurements and
transient photocurrent measurements.

Figure 2 shows the experimental setup using the 1064 nm pulse laser. The same RBC method
is applied here to suppress the noise. Figure 3 shows the experimental setup using the 785 nm CW
laser, which can be modulated electrically, generating a square wave of light. The decay tails of
the rising edges and falling edges are as short as 5 ps. Figure 4 shows the experimental setup using
the 3390 nm CW laser. This laser cannot be modulated electrically and therefore it has to be
modulated by a chopper. Due to the finite size of the chopped laser beam, the rising time and
falling time of the incident light intensity is on the order of 100 ps under a 100 Hz operation.
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Figure 2. The cryostat-based optically pumped transient electrical signal measurement system
using a 1064 nm pulse laser as the excitation source. The dashed blue boxes mark the newly

purchased equipment. The signal-to-noise ratio of the measurement is enhanced by the RBC
method.
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Figure 3. The cryostat-based optically pumped transient electrical signal measurement system
using a 785 nm modulated CW laser as the excitation source. The dashed blue boxes mark the
newly purchased equipment.



lense
Small

mirror\-.r'.
Ld

Chopper

O .— 3390 nm 1
CW laser |

L ——

2 |

ryostat
Chopper
Transient controller
electrical
signal
Pre- Signal
. Boxcar
amplifier
Set delay
SR 245
Computer computer
interface

Figure 4. The cryostat-based optically pumped transient electrical signal measurement system uses
a 3390 nm CW laser as the excitation source. This laser cannot be modulated electrically so its
light beam is modulated by a chopper mechanically. The dashed blue box marks the newly

purchased equipment.

3. Probe-station-based ultrafast transient electrical signal measurement system.

A high-speed system with a 1 GHz cut-off frequency was developed based on a low
temperature probe station. This probe-station-based system can be used for both the transient open
circuit voltage measurement and the transient photocurrent measurement. The probe station uses
liquid nitrogen as the coolant and therefore the sample can be cooled down to 77 K. The 1064 nm
pulse laser with a short pulse width of less than 1 ns is coupled into the probe station. The
transient voltage of the photodetectors is amplified by a preamplifier before it feeds into the high
speed boxcar averager. The old slow cable in the probe station with a cut-off frequency of 50 MHz
was replaced with a fast cable with a cut-off frequency of 40 GHz. The old pre-amplifier with a
cut-off frequency of 1 MHz was replaced with faster pre-amplifiers whose cut-off frequencies are
1 GHz. Overall, this system can achieve a time resolution as short as 1 ns, allowing the

measurements of fast transient electrical signals down to 10 ns.
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Figure 5. The probe-station-based system for ultra-fast transient electrical signal measurements.
The newly purchased equipment is shown in blue dashed boxes. This system can be used for both
transient open circuit voltage measurement and transient photocurrent measurement with a time

resolution of 1 ns.

The details of the systems for the fast transient optical and electrical signal measurements are

summarized in Table 1.

Table 1. Summary of the time resolutions and lowest operation temperatures of the systems

for the high-speed transient optical and electrical signal measurements.

No | Measurement Cooling Laser type Time Lowest
type system resolution | temperature (K)
1 optical cryostat 1064 nm pulsed 30 ns 12
2 electrical cryostat 1064 nm pulsed 1 us 12
3 electrical cryostat 785 nm modulated CW S s 12
4 electrical cryostat 3390 nm CW 100 ps 12
5 electrical Probe station 1064 nm pulsed 1 ns 77

4. Visible-to-NIR PL system

In addition, a new PL system covering a wavelength range from visible to near infrared (NIR)
was built. The new PL system has the capability of characterizing the optical properties of the
CdTe materials, which is used for the AFOSR multi-color detector project.
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Figure 6. Visible-to-NIR PL system

The new Horiba PL system has the capability of characterizing materials with PL in the
wavelength range of 300 nm ~ 1700 nm. The system consists of an iHR550 monochromator, a
CCD detector and an InGaAs array detector. The iHR550 monochromator with a focal length of
550 mm enables high resolution spectra measurement. Its unique asymmetric Czerny-Turner
design allows for extremely low stray light. With the 3 grating turret, the measurements can be
done with the optimal grating within each spectra range. The CCD array detector is
thermoelectrically cooled, back illuminated and deep depleted, providing high quantum efficiency
in the 300 nm to 1050 nm wavelength range. The InGaAs array detector is liquid nitrogen cooled
and has high responsivity and low noise level in the near IR region (from 800 nm to 1700 nm).
Combined with the advanced iHR550 monochromator, the system is available for fast PL
measurements while maintaining high responsivity and high spectral resolution (0.1 nm for CCD
and 0.2 nm for InGaAs detector).

Two lasers are currently used in this system: a 6 W 532 nm Diode Pumped Solid State (DPSS)
laser, and a Ti:Sapphire laser. The output power of the Ti:Sapphire laser is determined by the
pumping power of the DPSS laser, and typically 0.5 W of power at 800 nm can be achieved with 5
W pumping power. The wavelength of the Ti:Sapphire laser can be continuously tuned from 750
nm to 950 nm.

I1. Summary

In order to study the carrier dynamics in InAs/InAsSb T2SL materials and devices, a few
experimental systems have been developed. These experimental systems include a time-resolved
photoluminescence (TRPL) system, a cryostat-based transient electrical signal measurement
system with three available lasers at different wavelengths, and a probe-station-based transient
electrical signal measurement system. Additionally, a steady state visible-NIR PL system was built

to study the CdTe material for multi-color detector applications.
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