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ABSTRACT 
Most of reported HPTs in literatures are based on InGaAs compounds that cover NIR spectral region. However, InGaAs 
compounds provide limited cut-off wavelength tunability. In contrast, type-II superlattices (T2SLs) are a developing new 
material system with intrinsic advantages such as great flexibility in bandgap engineering, low growth and 
manufacturing cost, high-uniformity, auger recombination suppression, and high carrier effective mass that are 
becoming an attractive candidate for infrared detection and imaging from short-wavelength infrared to very long 
wavelength infrared regime. We present the recent advancements in T2SL-based heterojunction phototransistors in e–
SWIR, MWIR and LWIR spectral ranges. A mid-wavelength infrared heterojunction phototransistor based on type-II 
InAs/AlSb/GaSb superlattices on GaSb substrate has been demonstrated. Then, we present the effect of vertical scaling 
on the optical and electrical performance of heterojunction phototransistors, where the performance of devices with 
different base width was compared as the base was scaled from 60 down to 40 nm. 

  

1. INTRODUCTION  

Rapidly growing use of the Internet and multimedia services has created congestion in the telecommunications 
networks and placed many new requirements on carriers. Customers want ultra-high-speed, multi-gigabit-per-second 
(multi-Gb/s) bandwidth, which is traditionally accomplished using optical fibers. However, installing new fiber optic 
cable to all customers is prohibitively expensive, especially in metropolitan areas. Free-space optical (FSO) 
communication is considered to be one of the key technologies for supplying high-bandwidth, “last-mile” connections to 
costumers without the need for optical fiber.[1] Using lasers as signal carriers, FSO laser communications can provide a 
line-of-sight, wireless, high-bandwidth, communication link between remote sites. FSO Laser-Com offers substantial 
advantages over conventional RF wireless communications technology, including higher data rates, low probability of 
intercept, low power requirements, and smaller packaging.[2, 3]  

Near-infrared (NIR, 0.8 < λ < 2 mm) FSO communication is also hampered by atmospheric scattering and absorption. 
Moving from the NIR towards the mid-wavelength infrared (MWIR, 3 < λ < 5 mm) allows superior transmission through 
common atmospheric problems such as fog, clouds, and smoke. When coupled with improvements in MWIR laser and 
modulator design,[3-5] this makes possible reliable optical replacements for radio, microwave, and even NIR FSO 
communications links in many applications. This is driving a new demand for fast and sensitive MWIR photodetectors 
suitable for FSO communication. However, photodetector performance in the MWIR region is still behind the 
requirements of FSO communications. Achieving suitable performance will require developing a novel solution that can 
overcome current device limitations.  

To date, most NIR optical receiver designs have employed pin photodiodes as photodetectors. However, these devices 
exhibit no internal/intrinsic gain, and increased capacitance due to their relatively large-area intrinsic absorption layer is 
known to be the limiting factor for high frequency operation of the photoreceiver. Metal-semiconductor-metal 
photodetectors, on the other hand, have low capacitance due to their Schottky contacts which make them suitable for 
high frequency operation but their temperature instability, lack of internal gain and complicated epitaxial growth and 
fabrication processes limit their use for MWIR optical receivers.  
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Heterojunction bipolar transistor (HBT) and heterojunction phototransistor (HPT) technology has seen recent rapid 
progress and is now one of the main options in several applications in wireless communication, power amplifier, or 
frequency synthesizer applications [6]. HPTs are an alternative technology that can demonstrate both high speed and 
internal gain.[5, 7, 8] Functionally, a HPT is a pin photodiode integrated with a bipolar transistor to form an integrated 
amplifier.[8] Unlike avalanche photodiodes [9], HPTs can provide large photocurrent gain without requiring high bias 
voltages or the excess avalanche noise characteristic of avalanche photodiode operation.[10]  
HPT devices have demonstrated higher emitter injection efficiency compare to conventional homojunction 
phototransistors, with ability to create high internal gain [11]. Unlike homojunction phototransistors, HPTs have no 
requirement to have  a heavily doped emitter with lightly doped base contact to give better emitter injection 
efficiency[12]. In fact, regardless of the comparative emitter-base doping concentration, HPTs can reach injection 
efficiencies close to unity because the reverse injection from base is blocked by the hetero-barrier. This means that in 
order to reduce the base-emitter capacitance and base resistance, as parasitic parameters, one can use a lightly doped 
emitter and heavily doped base in HPTs. [1]  
Considered a promising infrared photodetector, HPTs low noise and large optical conversion gain at low bias voltages. 
[13] Early HPTs used InGaAs, and AlGaAs structure, which provided enhanced performance but, they were plagued 
with reliability and processing problems.[12, 14, 15] This led to new compound semiconductor technologies (e.g., 
InGaP, InP, SiGe) being proposed for HBT/HPT devices to minimize reliability and processing concerns. [14, 16-19] 
Type-II superlattices (T2SL) material system and design can be a promising alternative for MWIR optical receivers. [20-
22]  
T2SLs are a developing material system [23-25] that has led  to the development of high performance mid-wavelength 
infrared (MWIR) HPT [26]. This material system benefits from the advantages of high flexibility in bandgap engineering 
[21], high carrier effective mass [27, 28],  good uniformity [29], good imaging performance  and auger recombination 
suppression[30, 31]. T2SLs have become a remarkable candidate for IR detection and imaging [32-34] covering the full 
span from short-wavelength infrared (SWIR)  toward very-long wavelength infrared (VLWIR)[35]. The T2SL based 
HPTs can also be a possible solution to the urgent demand for sensitive MWIR photodetectors for MWIR free-space 
optical (FSO) communication as well as high-speed sensitive MWIR imagers.[26] 
In this paper, first we report the demonstration of a MWIR HPT based on T2SL with 60 nm base thickness. Such devices 
can be used for making both MWIR FSO systems and high-speed sensitive MWIR imagers. Then we present the impact 
of scaling of the base thickness (wB), down to 40 nm, on optical and electrical performance of MWIR HPT devices. 
 

 
2. HETEROJUNCTION PHOTOTRANSISTORS BASED ON TYPE-II SUPERLATTICES 

 
An npn HPT structure was chosen to be used in this study. The device consists of a n-doped M-structure-based[27] 

wide-bandgap emitter, a p-doped T2SL-based base, and a lightly doped n-type T2SL-based collector.[26] The emitter 
superlattice design consists of 7/1/5/1 mono-layers (MLs) of InAs/GaSb/AlSb/GaSb, respectively, per period with a 
~650 meV bandgap at 77 K. For the base and collector regions a design of 6.5 MLs of InAs and 12 MLs of GaSb per 
period[36] were used with one binary InSb interface and the other interface being InGaSb to reduce the mismatch. The 
schematic of the device structure is illustrated in Figure 1. 

The incident MWIR light is absorbed in the T2SL-based base and collector regions, creating electron-hole pairs. In 
this device, the collector region is completely depleted; therefore, drift is the main transport mechanism inside the 
collector region that helps faster transfer of photo-generated holes from the collector region to the base region. The 
photo-generated holes accumulate in the base and alter the base-emitter potential so that electrons are injected from the 
emitter into the base, and enter the collector region.[8] Current gain in this device is achieved by normal transistor action 
when wB is less than the diffusion length (Ln)  of the injected electrons.[37]  

The material for this study was grown using a GEN II molecular beam epitaxy (MBE) reactor, equipped with group-
III SUMOÒ cells and group-V valved crackers, on a Tellurium-doped (1018 cm-3) n+-GaSb substrate.  The growth was 
started with a 100 nm GaSb layer followed by a 0.5 μm n-doped InAs0.91Sb0.09 buffer layer (1018 cm-3). The device 
structure was started by growing an n-type (1018 cm-3) 0.5 mm-thick contact layer. The contact layer superlattice design is 
the same as the emitter region. Then, the 0.5 mm-thick wide-bandgap n-doped (~1017 cm-3) emitter was grown. This was 
followed by growing a 60 nm-thick p-doped base layer (~6×1016 cm-3), a 1 mm-thick n-doped collector/absorption region 
(~5×1015 cm-3), and a 500 nm p-type top contact (1018 cm-3). The base, collector and top contact regions share the same 
superlattice design. Silicon (Si) and beryllium (Be) were used as the n- and p-type dopants, respectively. 
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The grown sample was processed into a set of unpassivated mesa-isolated test structures with device sizes ranging 

from 100×100 to 400×400 μm2 using standard photo-lithographic processing techniques which were used for T2SL-
based photodetectors.[38] The phototransistors were left unpassivated but carefully treated, by performing many surface 
cleaning steps, in order to minimize the surface leakage. Then, the sample was wire-bonded to a 68 pin leadless ceramic 
chip carrier (LCCC). The emitter and collector terminals of each device were wire-bonded while the base terminal was 
left floating. For simplicity, in the rest of this paper, we will refer to the collector–emitter bias voltage, VCE, as the 
applied bias voltage. Finally, the sample was loaded into a cryostat for both electrical and optical characterization at 
77 and 150 K. 

 

 
 
The optical characterization was done in front-side illumination configuration without applying any anti-reflection 

(AR) coating to the phototransistors. A Bruker IFS 66v/S Fourier transform infrared spectrometer (FTIR) was used to 
measure the spectral response of the phototransistor. The absolute responsivity (Ri) of the phototransistor was measured 
with a calibrated blackbody source at 1000 °C. The optical performance of the devices is shown in Figure 2. The device 
exhibits a 50% cut-off wavelength of ~3.95 mm at 77 K as predicted from the band structure calculations. The device 
responsivity reaches a peak value of 1960 A/W around 3.6 mm under 680 mV applied bias for a 1 mm-thick 
collector/absorption region at 77 K. At 150 K, the device shows a 50% cut-off wavelength of ~4.05 mm. The device 
responsivity reaches a peak of 2152 A/W around 3.6 mm under 400 mV applied bias. The peak responsivity starts to 
saturate under bias voltages higher than 600 and 300 mV at 77 and 150 K, respectively. At higher bias voltages, the 
combination of the dark current and photocurrent becomes higher than the input current limit of our transimpedance 

 
Figure 1. Schematic of the MWIR HPT design and structure. The incident light is absorbed in the T2SL-based base and collector 

regions, creating electron-hole pairs. 

 
Figure 2. (a) Saturated responsivity spectrum of the device at 77K under 680mV applied bias (VCE) and at 150K under 400mV 

applied bias in front-side illumination configuration without any anti-reflection coating. The device optical gain around 3.6mm vs 
blackbody temperature/optical power density (b) at 77K and (c) 150K. 
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amplifier; thus, we performed optical characterization up to 680 and 400 mV applied bias voltages at 77 and 150 K, 
respectively.  
 In order to study the effect of incoming optical power on the device’s optical gain (Gopt), we swept the blackbody 
temperature from 1000 °C down to 50 °C and measured the optical gain at different blackbody temperatures for different 
saturation applied biases at 77 and 150 K operating temperatures. In a HPT device, Gopt is  proportional to the current 
gain of the device as [39]: 
 

𝐺𝐺𝒐𝒐𝒐𝒐𝒐𝒐 ∝ (1 + 𝛽𝛽)  ∝ (1 + �𝑐𝑐𝑐𝑐𝑐𝑐ℎ �𝑤𝑤𝐵𝐵 𝐿𝐿𝑛𝑛� � − 1�
−1

 )                      (1) 

 
where the second term is extracted from the Equation 1. The optical gain of the phototransistor is the ratio of the 

number of photo-generated carriers creating the photocurrent to the number of incident photons. In order to study the 
variation of optical gain versus applied bias, the same calibrated blackbody source at 1000 °C was used. At 77 K, the 
device optical gain becomes unity under 200 mV applied bias. The optical gain increases with increasing applied bias 
and reaches its saturation value of 668 at bias voltages higher than ~600 mV. In contrast, the device optical gain 
becomes unity at 150 K under 110 mV applied bias. The optical gain at this operating temperature saturates at bias 
voltages higher than 350mV. The saturated optical gain at 150K is 639.  

In order to study the effect of incoming optical power on the device optical gain, we swept the blackbody 
temperature from 1000 °C down to 50 °C and measured the optical gain under 680 and 400 mV applied biases at 77 and 
150 K operating temperatures, respectively. Figure 2 (b) and (c) present the optical gain of the device versus the 
blackbody temperature. The device shows very small gain change over a broad range of optical power in which reveals a 
high dynamic range. 

 

 
Figure 3 presents the collector dark current density (JC) versus applied bias voltage. At 77 K, the sample exhibits a 

unity optical gain collector dark current density of 1.8×10-6 A/cm2 under 200 mV applied bias, whereas at 150 K, the 
unity optical gain collector dark current density at 110 mV is 1×10-3 A/cm2. The variation of the inverse of the R×A (at 
600 mV) with the perimeter over area ratio (not shown here) proved that surface leakage is the main source of the dark 
current in our devices. In order to calculate the DC current gain (b) of the phototransistor, a photodiode with the same 
absorption region design and thickness (1 mm) was grown and optically characterized. Its responsivity value was 0.5 and 
0.58 A/W around 3.6 mm at 77 and 150 K, respectively; this provides an estimate of the generated photocurrent inside 
the collector region. One can calculate the DC current gain by dividing the phototransistor responsivity into the 
photodiode responsivity at the same wavelength (in this case around 3.6 mm). The device exhibits a saturated DC current 
gain of 3881 and 3710 at 77 and 150 K, respectively. We will explain the gain calculation later in next section. 

 
Figure 3. Collector dark current density vs. applied bias voltage characteristic of the device at 77K and 150K.  
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 After performing optical and electrical characterization, the specific detectivity was calculated. The shot noise 
limited detectivity (D*) is defined as:  
 

𝐷𝐷∗ =  𝑅𝑅𝑖𝑖 �2𝑞𝑞𝐽𝐽𝑐𝑐 + 4𝑘𝑘𝐵𝐵𝑇𝑇
𝑅𝑅𝐴𝐴� �

−1 2⁄
                               (2) 

 
where T is the temperature, kB is the Boltzmann constant, JC is the dark current density, and RA is the differential 
resistance area product. The specific detectivity (D*) was calculated for the phototransistor at 77 and 150 K. The device 
exhibits a saturated dark current shot noise limited specific detectivity of 1.1×1013 cm·Hz1/2/W under 500 mV of applied 
bias at 77 K (Figure 4) for a fully immersed 300 K background with a 2p field-of-view (FOV). At 150 K, the device 
exhibits a specific detectivity of 4.4×1012 cm·Hz1/2/W under 280 mV applied bias (Figure 4) for the same background 
condition. Figure 4 also shows a comparison between the specific detectivity values of the phototransistor at 77 and 
150 K with a state-of-the-art T2SL-based heterojunction photodiode[40] operating at 150 K. The phototransistor exhibits 
a specific detectivity value that is four times higher than the photodiode at 150K. Moreover, the phototransistor 
generates more photo-current than the photodiode for the same incoming optical power (2–3 orders of magnitude) which 
can be used for making imagers hundreds of times faster and more sensitive than current photodiode-based imagers. 
In addition, the specific detectivity spectrum stays almost constant over a broad range of wavelengths (Figure 4) which 
makes this phototransistor a promising choice for MWIR infrared imaging applications. 

 
 
3. STUDY OF VERTICAL SCALING ON PERFORMANCE OF HETEROJUNCTION 

PHOTOTRANSISTOR 
 
Scaling the size of semiconductor devices provides a remarkable enhancement in performance. During the last 

decades, the principle of shrinking the semiconductor device dimensions has created an extraordinary success in 
semiconductor industry. This includes all types of transistors, including the metal oxide field effect transistors 
(MOSFETs) and bipolar transistors[41-43]. Recently, bipolar technology evolution managed to overcome the limitations 
in  the course of scaling, using novel material system and structural innovations.[44] In this matter vertical scaling has 
appeared to be a major driving force for the evolution of bipolar transistors. In the case of vertical scaling, collector and 

 
Figure 4. (a) Specific detectivity (D*) spectrum comparison between HPT operating at 77 and 150K with a T2SL-based MWIR 
heterojunction photodiode (PD) operating at 150K in front-side illumination configuration without any anti-reflection coating.  
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base scaling have the main effect on performance of the bipolar transistors.[45, 46]  In this work, we present the impact 
of scaling the base on optical and electrical performance of MWIR HPT devices. The wB of the device is scaled down to 
40 nm, and we compare the optical and electrical parameters of the devices with different wB at 77 K and 150 K. The 
general details of the growth, design, structure and fabrication of the HPT device were explained earlier in this paper.  

As explained earlier, the T2SL HPT structure has two-terminals with a floating base contact. The charge transition 
mechanism is based on the creation of electron-hole pairs in the base and collector regions due to the absorbance of 
incident MWIR light. This leads to accumulation of photo-generated holes in the base, which changes the potential level 
of the base region and increases the forward bias of the emitter-base junction.  

Electrons, on the other hand, are injected from the emitter into the base, and cross the base toward the collector 
region[8].  When the emitter-base junction is forward biased, a wide-bandgap emitter can provide emitter-base injection 
efficiency close to unity, since the valence-band barrier effectively eliminates hole injection from base to emitter [8]. 
The DC current gain of the phototransistor (β) can be written as following [39]: 

  

𝛽𝛽 ≈    �𝑐𝑐𝑐𝑐𝑐𝑐ℎ �𝑤𝑤𝐵𝐵
𝐿𝐿𝑛𝑛� � − 1�

−1
                            (3) 

 
Where wB is the base thickness and Ln is the minority carrier diffusion length in the base region.  According to Equation 
3, β is limited by the base transport factor [39]. High current gain in HPT devices is strongly related to wB, especially 
when it is smaller than the Ln in the base region. In fact, wB has a remarkable role in the device performance, and by 
changing wB we can monitor and optimize the current gain and thus the device performance. The main purpose of this 
study is to investigate the impact of wB scaling on the optical and electrical performance of HPT device.   

The optical performance (saturated responsivity spectrum) of the devices is shown in Figure 5, at 77 K under VCE of 
680 mV, 500 mV and 230 mV (a), and under VCE of 400 mV, 300 mV and 140 mV at 150 K (b). The devices exhibit 
50% cut-off wavelength at ~3.95 mm, ~3.91 mm and ~3.93 mm at 77 K for the devices with 60 nm, 50 nm and 40 nm 
base thickness, respectively. The 50% cut-off wavelength at 150 K for the devices with 60 nm, 50 nm and 40 nm base 
thicknesses are ~4.09 mm, ~4.05 mm and ~4.10 mm, respectively. The responsivity of a phototransistor (Ri) is defined as 
a ratio of photogenerated current to incident optical power as [47]: 

 
𝑅𝑅𝑖𝑖 =  𝛽𝛽𝐼𝐼𝑝𝑝ℎ

𝑃𝑃𝑖𝑖𝑖𝑖
�                          (4) 

 
where Iph is the photogenerated current and Pin is incident optical power. Merging Equation 3 and 4 reveals the reverse 
proportionality of the responsivity of HPT device with Bw , as following: 

 
𝑅𝑅𝑖𝑖 ≈  𝐼𝐼𝑝𝑝ℎ

𝑃𝑃𝑖𝑖𝑖𝑖 �𝑐𝑐𝑐𝑐𝑐𝑐ℎ �
𝑤𝑤𝐵𝐵

𝐿𝐿𝑛𝑛� � − 1��                            (5) 

 
Figure 5 (c,d) shows the responsivity measurement results at 3.6 mm as a function of applied bias voltage, VCE, with 

different Bw at 77 and 150 K. As an overall trend, at both 77 K and 150 K the responsivity values first increase linearly 
with raising VCE and then start to saturate. At 77K at wavelength of 3.6 µm, the saturated responsivity reaches 8845 A/W 
under VCE=230mV, 4882 A/W under VCE=500mV and 1940 A/W under VCE=680mV for the device with 40nm, 50nm 
and 60nm base thickness, respectively (Figure 5c). As predicted by Equation (5), the responsivity values increase with 
downward scaling of wB. The saturated responsivity for the device with wB = 40 nm is almost five times greater than the 
device with wB = 60 nm. The same trend was observed at 150 K (Figure 5d), where the responsivity peak values were 
9528 A/W (VCE=140 mV), 5875 A/W (VCE=300 mV) and 2151 A/W (VCE=400 mV) for the device with 40 nm, 50 nm 
and 60 nm base thickness. 
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As shown in Figure 5, there is a strong bias dependency of photo-responsivity for the HPT detector; the responsivity 

values increases by more than three orders of magnitude by increasing bias voltage from zero to saturation voltage for 
both 77 K and 150 K. When VCE is increased, holes generated by photo-excitation are swept towards the base, which in 
turn reduces the potential barrier for electrons in the emitter-base junction. This facilitates injection of electrons from the 
emitter across the base toward the collector. Shrinking the base leads to more efficient emitter injection into the base at 
higher bias voltage and this results in amplification of the photocurrent due to the higher current gain[48]. The 
responsivity value increases at both operation temperatures, which is related to higher emitter-base injection efficiency 
as wB is becomes smaller than Ln in the base region. In addition, it is possible that the thinner base can reduce recapture 
mechanism, which also can be another reason for better responsivity performance for the devices with thinner wB [49]. 
Faster transport of injection for thinner wB which leads to a higher gain can also explain why saturation for responsivity 
values takes place at smaller VCE. 
Figure 6 (a,b) present Gopt of the HPT devices around wavelength of 3.6 mm versus blackbody temperature for the wB of 
60 nm, 50 nm and 40 nm. The devices show small gain change over ~25 dB change of optical power.[19] As predicted 
from Equation (1), Figure 6 reveals that scaling of the base thickness results in increasing of Gopt for both 77 and 150 K, 
which is sign of better injection efficiency. For the blackbody source temperature of 1000 °C, the saturated Gopt values at 
77 K were 668 for wB = 60 nm, 1919 for wB = 50 nm and 2760 for wB = 40 nm under saturated VCE bias (Figure 6a).  At 
150 K, the Gopt values were measured as 639 for wB = 60 nm, 2168 for wB = 50 nm and 3081 for wB = 40 nm under 
saturated VCE bias (Figure 6b). At both operating temperatures, the optical gain curve is relatively flat for a broad range 
of incident power levels (different blackbody temperatures), especially for the device with thinner wB, which is 
indicative of the high sensitivity of the HPT device.  
 

 
Figure 5. (a) Saturated responsivity spectrum of the devices (a) at 77 K under 680 mV, 500 mV and 230 mV applied bias (VCE), (b) at 

150 K under 400 mV 300 mV and 140 mV applied bias (VCE) in front-side illumination configuration without any anti-reflection 
coating, for the devices with 60 nm, 50 nm and 40 nm base width, respectively. Responsivity measurements of the MWIR HPT devices 

around 3.6 µm vs. applied bias (VCE) at 77K (c) and 150 K (d), with 60nm, 50nm and 40nm base widths. 
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At 150 K, for the device with 60 nm base thickness at lower black body temperatures (<200 Co), the gain is found to 
have small power dependence, as a drop in Gopt value. This is probably related to higher recombination rate in the base 
for the device with wider wB at higher temperature. Upon applying bias voltage and injection of electrons into the base 
region, recombination rate has important role to degrade optical gain of a HPT device. For a thinner wB, as the electrons 
spend less time in the base on their way toward the collector, the recombination rate becomes minimized and more 
carriers are able to reach the collector. This is another way to explain the increased optical gain as base thickness is 
decreased.   

The electrical performance of the devices has also been measured at different temperatures. Figure 7 (a,b) present JC 
vs. applied bias voltage characteristics of the device, at 77 K and 150 K. At 77 K, the unity optical gain dark current 
density for the samples were measured as 1.8×10-6 A/cm2 (VCE= 200mV), 1.3×10-4A/cm2 (VCE= 115mV) and 1.1×10-3 
A/cm2 (VCE= 39 mV) for wB of 60 nm, 50 nm and 40 nm, respectively. 

At the higher temperature of 150K, the unity optical gain dark current density values increase to 4.5×10-4 A/cm2 (VCE= 
110 mV), 1.2×10-3 A/cm2 (VCE= 40 mV) and 6.4×10-1 A/cm2 (VCE= 9 mV) for wB of 60 nm, 50 nm and 40 nm, 
respectively. By scaling base thickness, there is an increasing trend of the dark current at both operation temperatures, 
and in order to address this trend, we need to calculate b values.   

 

 
To calculate the b value of the phototransistor, optical characterization of a grown conventional photodiode with the 
same absorption region design and thickness was used [26]. This can provide an estimation of generated photocurrent 
inside the collector region. The responsivity value for this conventional photodiode at 3.6 µm was 0.50 A/W at 77 K and 

 

Figure 6. The device optical gain around 3.6 lm vs. blackbody temperature/optical power density at 77 K (a) and 150 K(b), 
under saturated VCE bias for the devices with 60nm, 50nm and 40nm base widths 

 

Figure 7. Collector dark current density vs. applied bias voltage characteristic at 77K (a)  and 150K(b). 
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0.58 A/W at 150 K. The current gain then is calculated by dividing the phototransistor responsivity over the photodiode 
responsivity at the same wavelength. The HPT device exhibits saturated b values of 3881, 9764 and 17690 at 77 K, as 
well as 3710, 11740 and 19050 at 150 K. Scaling down the base thickness results in a remarkable enhancement in the b 
value showing the excellent optical performance of the HPT devices. The increase of b  with decreasing wB, can be 
explained by the increasing JC in Figure 7. By scaling wB from 60 nm to 50 nm, the JC value increases both for 77 K and 
150 K. This trend is even more pronounced when wB is reduced down to 40 nm, especially at 150 K, where JC increases 
by almost one order of magnitude. This is probably related to involvement of different mechanisms, e.g. tunneling, in 
charge transmission, for the HPTs with a 40 nm base thickness. 
 

  

For a fully immersed 300 K background with 2p field-of-view (FOV) at 77 K and under saturated VCE bias, the devices 
exhibited  D* of 9.1×1012 cm·Hz1/2/W for wB = 60 nm, 1.6×1013 cm·Hz1/2/W for wB = 50 nm and 2.7×1013 cm·Hz1/2/W 
for wB = 40 nm. At 150K, the same trend was detected at saturated VCE bias, where the devices exhibited the D* value of 
3.4×1012 cm·Hz1/2/W, 5.6×1012 cm·Hz1/2/W and 7.5×1012 cm·Hz1/2/W for wB of 60 nm, 50 nm and 40 nm, respectively. 
Figure 8 demonstrates the phototransistor specific detectivity versus applied bias at wavelength around 3.6 mm for 
different wB, at 77 (a) and 150K (b). By shrinking the base thickness D* increases at both operating temperatures; 
however, this trend is more pronounced for 77 K. As it can be seen, the D* values remain reasonably constant in a broad 
range of applied bias, at both temperatures. The small change in D* at lower VCE values is recognizable for the device 
with wB = 60 nm. As explained before, this trend is related to the higher rate of recombination in this specific device; 
since carriers spend more time in the base for devices with thicker base, there is more chance for them to be recombined 
compared to in device with thinner base. For the device with thinner base (wB = 40 nm) the drop in D* values is less 
pronounced at both operational temperatures (Figure 8b), which is in agreement with the abovementioned discussion.  

 
 

4. CONCLUSION 
In this paper, the latest result abut T2SL base HPT device is demonstrated. We have presented the design, growth, and 

characterization of MWIR HPTs based on type-II InAs/AlSb/GaSb superlattices. The devices with 60 nm base thickness 
exhibited 50% cut-off wavelengths of ~3.95 and ~4.05 mm at 77 and 150 K, respectively. A saturated optical gain of 668 
and 639 at 77 and 150K, respectively, was measured. At 150 K, the collector dark current density is 1×10-3 A/cm2. Also 
at 150 K, the device exhibited a specific detectivity of 4.4×1012 cm·Hz1/2/W. This specific detectivity value is four times 
higher than a state-of-the-art T2SL-based photodiode with a similar cut-off wavelength. We have also studied the impact 
of scaling base thickness from 60 nm to 40 nm on the optical and electrical performance of T2SL base MWIR HPT 
devices. These devices show enhanced optical performance when the base thickness is decreased. The device with the 
thinnest base width (40 nm) exhibits the highest peak of responsivity as 9528 A W−1 under VCE = 140 mV and 8845 A 
W−1 under VCE = 230 mV at temperatures of 150 and 77 K, respectively. The specific detectivity values stay constant 
over a broad range of wavelengths and applied biases for all the measures HPT devices. The saturated optical gain for 
the device with 40 nm base thickness shows an enhancement by shrinking the size of the base. As a result of vertical 

 
Figure 8. (a) Specific detectivity (D*)of the phototransistor around 3.6mm versus applied bias voltage at (a) 77K and (b) 150 K, 

with 60nm, 50nm and 40nm base widths 

Proc. of SPIE Vol. 10540  1054004-9



scaling of the base, exceptional current gain was achieved, whereas high current gain limits electrical performance by 
creating an increase in collector dark current density for the thinnest base layer. 

 In conclusion, this work has shown that it is possible to create high performance gain-based MWIR photodetectors 
based on type-II InAs/AlSb/GaSb superlattices. Thanks to the extreme bandstructure tunability of this material system, 
T2SL-based HPTs can help facilitate development of high-speed free-space optical communication systems in the 
MWIR region as well as better MWIR imagers (compared to those based on conventional photodiodes). 
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