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Abstract—In this work, we have demonstrated the first 

InAs/InGaAs/GaAs quantum dots-in-a-well (DWELL) 

photodetector monolithically grown on silicon substrate. We 

studied both the optical and electrical characteristics of the 

DWELL photodetectors. Time-resolved photoluminescence 

spectra measured from the DWELL photodetector revealed a 

long carrier lifetime of 1.52 ns. A low dark current density of 

2.03×10-3 mA/cm2 was achieved under 1 V bias at 77 K. The device 

showed a peak responsivity of 10.9 mA/W under 2 V bias at the 

wavelength of 6.4 μm at 77 K, and the corresponding detectivity 

was 5.78×108 cm·Hz1/2/W. These results demonstrated that these 

silicon based DWELL photodetectors are very promising for 

future mid-infrared applications, which can enjoy the potential 

benefit from mid-infrared silicon photonics technology. 

 
Index Terms — infrared photodetector, quantum dots-in-a 

–well, silicon substrate. 

 

I. INTRODUCTION 

id-wave infrared (MWIR) photodetectors have many 

applications in areas such as gas monitoring, chemical sensing, 

and infrared imaging [1-3]. Traditional bulk photodetectors like 

mercury–cadmium–telluride (MCT), while they have been 

demonstrated with high responsivity and specific detectivity, they still 

suffer from material non-uniformity, problems related to epitaxial 

growth of mercury-based compounds, and the relatively high cost of 

the CdZnTe substrate [4, 5].  

Quantum wells infrared photodetectors (QWIPs), which utilize 
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inter-subband transition in quantum wells, have been extensively 

investigated due to the feasibility of detection wavelength tuning. 

Quantum dot infrared photodetectors (QPIDs) are being considered 

as an alternative to QWIPs because of its sensitivity to normal 

incidence radiation, long carrier lifetime and potentially high 

operating temperature [2, 6, 7]. It has been theoretically predicted that 

QDIPs could have significantly better detectivity than QWIPs [3].  

 Mid-infrared (MIR) silicon photonics have recently attracted 

extensive attention same as the silicon photonics in the near-infrared 

telecommunication bands [8, 9]. Si platform working in MIR band 

offers an integrated solution for gas sensing, defense and medical 

applications at minimal cost. Therefore, as the key component of MIR 

silicon photonics systems, it would be desirable to monolithically 

grow MIR photodetectors on silicon substrate to integrate with other 

active and passive MIR devices. Moreover, by monolithic growth of 

infrared photodetector materials on large Si substrate one could 

substantially reduce the cost of focal plane array (FPA). Over the past 

decade, significant progress has been made in transferring MCT 

photodetectors and focal plane array (FPA) on Si substrates to enjoy 

the large Si substrate and reduce the cost that raise from the native 

substrates [4, 10]. Recently, Wu et al. have monolithically integrated 

InAs/GaAs QDIPs on Si substrate [11] for mid infrared detection, 

however, no qualitative characterization of responsivity, noise and 

detectivity has been reported in Wu’s paper. Soon after, Wan et al. 

have demonstrated an p-i-n photodetector on GaAs-Si compliant 

substrate with optical response around 1310nm wavelength for 

telecommunication application, where the InAs quantum dots layers 

were used to absorb the near infrared light [12].  

    In this paper, we demonstrated and qualitatively characterized the 

first InAs/InGaAs/GaAs dots-in-the-well (DWELL) structure grown 

on Si substrate which operates in the MWIR range. This study 

benchmarks III-V MIR photodetectors on a Si substrate against these 

on native III-V substrates. The DWELL structure is one variation of 

the basic QDIP structure, which consists of an InAs quantum dots 

(QDs) layer sandwiched by two InGaAs quantum wells (QWs). This 

hybrid configuration combining the traditional QWIPs and QDIPs 

could offer important advantages such as lower dark current, stronger 

confinement of electrons and more flexibility of controlling the 

operation wavelength [13]. The DWELL photodetector studied in this 

work shows a lower dark current compared with that of Si based 

QDIPs, an optical response peak around 6.4 μm, and a relatively high 

detectivity. Comparison between these Si-based DWELL devices to 

previous DWELL photodetectors grown on native III-V substrates is 

discussed. It is shown that these devices are very promising for future 

MIR silicon photonics and low cost FPA application.  

II. DEVICE DESIGN AND FABRICATION 

Schematic diagram of the sample structure is shown in Fig. 1. The 

InAs/InGaAs/GaAs DWELL structures were directly grown on Si 
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(100) substrate using a solid-source Veeco Gen-930 molecular beam 

epitaxy system. The substrate has 4 ̊ offcut towards the [011] direction, 

in order to minimize the formation of anti-phase domains. Firstly, a 

1000 nm n-type GaAs buffer layer was grown on Si substrate. Four 

repeats of dislocation filter layers (DFLs) comprised of InGaAs/GaAs 

superlattices (SLSs) were then grown. Fig. 2 (a) shows the bright-field 

transmission electron microscope (TEM) image of the buffer and 

DFLs layers. Due to the mismatch of lattice constant and thermal 

expansion coefficient between Si and GaAs, a large threading 

dislocation density (TDD) of ~109/cm2 was observed at the 

substrate/buffer interface. The InGaAs/GaAs DFLs was found to 

significantly inhibit the propagation of dislocation. After depositing 

four repeats of the DFLs, the TDD was quickly annihilated and 

reached a level of ~3× 106 /cm2.  

 

Fig. 1. Schematic layout of the InAs/InGaAs/GaAs DWELL structure. 

 

After growing the buffer layer, a 500 nm n-type GaAs (Si-doped, 2 

×1018 cm-3) bottom contact layer and 80 nm undoped GaAs spacer 

layer were grown. The DWELL active region consists of 20 periods 

of 50 nm undoped GaAs spacer layer, the InAs QD (Si-doped, 2 

electrons/dot) layer sandwiched between two InGaAs quantum wells, 

with thickness of 6 nm and 2 nm respectively. The QD density is 400 

dots/μm2. As can be seen in Fig. 2 (b), the 20 periods DWELL active 

region is free of threading dislocation, which confirms the effective 

suppression of TDD by using the SLSs in the GaAs buffer on Si 

substrate. Finally, a 30 nm undoped GaAs spacer layer and 300 nm 

n-type GaAs (Si-doped, 2 ×1018 cm-3) top contact layer were grown.  

After the material growth, the DWELL sample was fabricated into 

a set of unpassivated mesa-isolated circular devices with nominal 

diameters ranging from 20 μm to 500 μm. Standard UV 

photolithography and wet chemical etching treatment (H3PO4: H2O2: 

H2O=1:1:8) were utilized to define the mesa. Metal contacts of Ti/Au 

(50 nm/300 nm) were deposited at the top and bottom n+-GaAs layers 

by using electron beam evaporation and lift-off techniques. 

 

 

(a) 

 

(b) 

Fig. 2. (a) Bright-filed TEM image of the GaAs buffer layer and four repeats of the 
InGaAs/GaAs dislocation filter layers (DFLs); (b) Low-magnification bright-field TEM 

image of the 20 periods DWELL active region. 
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III. RESULTS AND DISCUSSIONS 

A. Optical Characterization 

The continuous-wave (CW) photoluminescence (PL) 

measurements were carried out in a variable-temperature closed-cycle 

helium cryostat, using the 532 nm line from a frequency doubled 

Nd:YAG (Neodymium doped Yttrium Aluminum Garnet) laser as 

the excitation source. The laser spot diameter was ~20 mm and the 

optical excitation power was in the range of ~10-7 to 102 mW. The PL 

signal from the sample was dispersed by a monochromator and 

detected by a liquid nitrogen-cooled InGaAs photodiode detector 

array. Fig. 2(a) shows the PL spectra of the DWELL photodetector 

measured at 10 K under different excitation power. An emission peak 

at ∼ 1.04 eV is seen at the lowest excitation power Iex = 25 μW/cm2, 

which is possibly due to the interband transition from the QDs 

electron ground state to the hole ground state. A second emission 

peak at ∼ 1.09 eV related to the carrier transition from the electron 

excited state of QDs to the hole excited state arises in the high-energy 

side of the PL spectra with increasing excitation power, which can be 

explained by the state filling at high optical excitation power [11]. The 

asymmetric PL lineshape as shown in Fig. 2(a) is possibly attributed 

to the nonuniform size distribution of the QDs, which have been 

widely observed in InAs QDIP and DWELL structures [11, 14].  

Fig. 2(b) demonstrates the temperature-dependent PL spectra 

measured at a fixed laser excitation power of 10 μW/cm2 from 80 to 

300 K. The extracted PL parameters associated with the QDs ground 

state transition, including integrated intensity, peak position and the 

Full-Width-at-Half-Maximum (FWHM) of the DWELL 

photodetector as a function of temperature are shown in Fig. 2(c). 

With increasing temperature, the PL peak position presents a red-shift 

which does not follow the typical band gap shrinkage, and it is 

typically seen in InAs-based QDIP structures. This behavior indicates 

that the carriers undergo an inter-dots transfer from the smaller QDs 

with shallower energy levels to the larger QDs with deeper energy 

confinement under thermal excitation, which results in a lower 

interband emission energy and a red-shift of the PL peak position [11, 

15, 16]. Such carrier transfer process could also be evidenced by the 

temperature dependence of the PL spectral linewidth as shown in Fig. 

2(c). At low temperature, the FWHM of PL is mainly determined by 

the inhomogeneous QDs distribution, or in other words, it originates 

from the emission of QDs of many different sizes. A reduction of PL 

FWHM is observed until 180 K as temperature increases, which is 

due to the transfer of carriers from the smaller QDs to the larger QDs 

under thermal excitation. With the temperature further increases 

beyond 180 K, the broadening of PL FWHM is likely attributed to the 

electron-phonon scatter over QDs with different sizes [11, 16-18]. 

Furthermore, from Fig. 2(c) it is seen that as the temperature rises the 

PL integrated intensity decreases. In order to investigate the thermal 

quenching mechanism of carriers in the DWELL system, the 

Arrhenius plot of the integrated intensity is shown in Fig. 2 (d). The 

experimental data from 230 K onward can be fitted very well with the 

linear function, which yields an activation energy (EA) of ~153.8 meV. 

This energy roughly corresponds to the excitation of electron from the 

confined states in the DWELL to the quasi-continuum states of the 

GaAs barrier, which suggests that the thermal escape of carriers is the 

dominant loss mechanism responsible for the rapid PL quenching at 

high temperature. 
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Fig. 3. (a) Excitation power-dependent PL spectra of the DWELL photodetector measured at 10 K. Iex = 1000 W/cm2. (b) PL spectra as a function of temperature of the DWELL 
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photodetector measured from 80 to 300 K with an interval of 10 K. The excitation power was fixed at Iex = 10 mW/cm2. (c) Temperature dependences of PL parameters (integrated 

intensity, peak position and FWHM) associated with the QDs ground state transition extracted from (b).  (d) Arrhenius plot of the PL integrated intensity (open squares) from 80 K to 
300 K. The solid line is the linear fit from 230 K to 300 K. 

 

To further explore the optical properties of the DWELL 

photodetector grown on silicon substrate, time-resolved PL 

measurements were conducted using the 2 ps pulses of the 750 nm 

line from a mode-locked Ti:sapphire laser. The excitation density per 

pulse is 6 × 1011 photons/cm2 and the optical pulse train frequency is 

76 MHz. For detection of the transient PL signal, a monochromator 

with a Hamamatsu Synchroscan C5680 streak camera was exploited. 

The streak camera was equipped with an infrared enhanced S1 

cathode possessing an overall time resolution of system ~15 ps. Fig. 

3(a) shows the time-resolved PL spectra measured at 10 K for 

different emission wavelengths. Apart from the emission at ∼848 nm 

(71 ps) from the wetting layer, all the PL decay processes have a 

relative long lifetime of over 450 ps.  The extracted variation of PL 

lifetime with wavelength is shown in Fig. 3(b), with the normalized 

PL spectrum measured at 10 K under the 532 nm excitation with a 

laser power of 5000 W/cm2 is also plotted. The two main PL peaks 

corresponding to the QDs ground state and excited state transition 

have both shown a relatively long decay lifetime (> 800 ps). In 

particular, the carrier lifetime associated with the QDs ground state 

transition measured at 1200 nm is ∼1.52 ns, which is ~17% longer 

than that reported for the InAs/GaAs QDIP grown on Si substrate [11]. 

Thus, the incorporation of DWELL structure has ensured a long 

carrier relaxation time in the QDs, which demonstrates the potential 

for realization of inter-subband DWELL photodetectors with larger 

specific detectivity and higher operating temperature. 
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Fig. 4. (a) Time-resolved PL spectra measured from the DWELL photodetector at 10 K for different emission wavelengths: 848, 1080, 1136, and 1200 nm. (b) Estimated PL lifetime 

(open circles) versus wavelength.  The blue curve is the normalized PL spectrum recorded at 10 K under the 532 nm line excitation with a laser power of 5000 W/cm2. 

 

 

B. Electrical Characterization 

The dark current-voltage (I-V) characteristics of the DWELL 

photodetector device with diameter of 130 µm were measured in the 

variable-temperature probe station from 77 to 300 K and the data 

were analyzed by a semiconductor device analyzer. The dark current 

I-V characteristics are presented in Fig. 4. Note that the dark current 

measured at temperature higher than 180 K has exceeded the 

instrument compliance, and hence the data ranges are narrowed. With 

the temperature increasing from 77 K to 300 K, the dark current 

increases over 5 orders of magnitude from 1.13 × 10-6 mA to 1.12 × 

10-1 mA under -1 V bias (the corresponding dark current density (Jd) 

increases from 8.5 × 10-3 mA/cm2 to 8.4 × 102 mA/cm2). The dark 

current under 1 V bias at 77 K is 2.69 × 10-7 mA (Jd = 2.03 × 10-3 

mA/cm2). Compared with the dark current density of 2.8 mA/cm2 (at 

80 K and 1 V) measured from the similar InAs/GaAs QDIP grown on 

silicon substrate [11], the insertion of the two InGaAs QWs (DWELL 

structure) in the current QDIP has successfully reduced the dark 

current density by three orders of magnitude.  It is also noted that the 

dark current curves as shown in Fig. 4 are asymmetric for positive and 

negative bias. This is possibly originated from the asymmetric band 

structure and nonuniform geometry of the quantum dot growth: 

carriers would experience different energy potentials depending on 

whether they travel towards the top or bottom contacts [11, 14].  

Fig. 5 shows the Arrhenius plot extracted from the dark current 
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measurement under 0.5 V. A good linear fit is achieved from 77 K to 

180 K, which yields a dark current activation energy (EA) of 151.4 

meV. This energy is in good agreement with the activation energy 

extracted from the PL integrated intensity in Fig. 2 (d), which further 

supports our previous claim that the thermal escape of carriers take 

place from the electron quasi-Fermi level (EF) in the DWELL to the 

quasi-continuum states of GaAs barrier. Furthermore, the dependence 

of EA on bias voltage is calculated and plotted in Fig. 6. Note that the 

discontinuity after ~2 V is due to the fact that at 180 K the dark current 

has reached the instrument compliance when bias is larger than ~2 V 

and thus the data are not included in the calculation. As the bias 

increases from 0 V in both positive and negative direction, EA first 

demonstrates a rapid increase.  It then experiences two stationary 

points at 0.58 V and –0.6 V respectively, and declines slowly with 

further increase of bias. Such behaviors of dark current activation 

energy on bias were not seen in previous studies for 

InAs/InGaAs/GaAs DWELL photodetector grown on GaAs 

substrates, since only monotonic reduction of EA were reported with 

increasing bias in both directions [14, 19-23]. We attempt to explain 

the anomalous bias dependence of EA as follows: within the 

temperature range of 77–180 K, inter-dots carrier transfer process 

from smaller QDs to larger QDs is facilitated by thermalization, 

which is already evidenced by the temperature behavior of transition 

energy and linewidth from the PL measurement. With more carriers 

being localized in the larger QDs, where the electronic energy level 

relative to the GaAs conduction band edge is rather deep, an increase 

of activation energy is thus expected. In particular, the rapid reduction 

of PL FWHM from 130 K to 180 K as seen in Fig. 2(c) suggests a 

rather fast rate of the inter-dots transfer process, which leads to the 

steep increment of EA with bias. On the other hand, apart from the 

temperature effect, it should be further noted that the inter-dots carrier 

transfer is associated with bias voltage as well. The strong electric 

field induced by the applied bias would reduce the barrier height 

associated with the InGaAs QW and GaAs matrix of the DWELL 

structure, and consequently inter-dots carrier transfer would be 

enhanced via field-assisted tunneling with increasing bias [24, 25]. As 

shown in Fig. 6, the two stationary points of EA observed at 0.58 V 

and -0.6 V suggest that the carrier transfer process tends to be 

saturated and QD of different sizes are nearly in equilibrium, where 

most of the lower lying states in the majority of QDs being filled. In 

this scenario, a further increase of bias voltage would elevate the 

electron quasi-Fermi level EF towards the GaAs conduction band 

edge, and the energy required for the electrons to escape to the GaAs 

quasi-continuum levels, i.e., EA, would thus be reduced. Note that the 

decrement of activation energy slows down after ~ -1.5 V, and a 

smaller slope is observed. This is due to the fact that deviation of dark 

current between different temperatures, i.e., curve spacing in Fig. 4, is 

getting smaller with increasing bias. The anomalous EA dependence 

on bias also advices that field-assisted tunneling might be an 

important escape route for carrier at high bias voltage in this DWELL 

structure grown on Si substrate. This is an essential process for the 

realization of bias-tunable multicolor QDIP, since it provides a major 

pathway for the extraction of carriers photo-generated from the QDs 

ground state to the lower-lying excited states confined in the DWELL 

[25]. 
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Fig. 5. Dark current-voltage (I-V) characteristic of the DWELL photodetector measured at different temperatures. The device diameter is 130 µm. 
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Fig. 6. Arrhenius plot of the dark current under 0.5 V bias. The solid line represents the linear fitting of the plot from 77 to 180 K. 
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Fig. 7. Dark current activation energy (EA) calculated at different bias voltages. 

 
 

 

 
 

C. Optoelectronic Characterization  

To further investigate the optoelectronic performances of the 

DWELL photodetectors, one DWELL device with diameter of 130 

μm was wire-bonded and loaded into a low-temperature cryostat for 

photoresponse and dark noise characterization.  The photoresponse of 

the DWELL device was carried out with front-side illumination and 

without anti-reflection (AR) coating. The photocurrent and noise 

current were amplified by a low noise current preamplifier, and then 

analyzed and displayed by a fast Fourier transform (FFT) network 

spectrum analyzer. A NICOLET Fourier transform infrared 

spectrometer (FTIR) was used to measure the relative photoresponse 

of the DWELL sample. A standard blackbody source at 700 ℃ was 

used to measure the blackbody photoresponse and calibrate the 

relative responsivity. The blackbody responsivity versus bias at 77 K 

was measured and plotted in Fig. 7(a). Here the blackbody 

responsivity (BR) is defined as the ratio between the output 

photocurrent and the input radiation power from the blackbody source 

at 700 ℃. As shown in Fig. 7(a), the blackbody responsivity curve 

presents an asymmetric lineshape for the positive and negative bias 

value, which is due to the same reason that gives rise to the 

asymmetry in dark current densities, i.e., asymmetric band structure 

that cause the electrons in the QDs to experience different barrier 

heights. The dark noise spectrum density measured at 77 K is shown 

in Fig. 7(b). For a relatively low bias (< ±0.5 V), the noise 

measurement was limited by the noise floor of the instruments. It is 

clear that with increasing bias, both the blackbody responsivity and 

noise spectrum density increase.  Fig. 7(c) plots the dependence of 

blackbody detectivity (BD*) on bias voltage. The blackbody 

detectivity is defined as [26]: 

                                 *
n

BR A
BD

S
                                    (1) 

where BR represents the blackbody responsivity, A is the device area, 

Sn is the noise spectrum density. With the bias increases from 0.5 V to 

1.25 V, the black responsivity increases a percentage of 605.2 %, 
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while the dark noise only increases a percentage of 27.5 %, thus the 

blackbody detectivity rises rapidly first with increasing bias. However, 

when the bias further increases from 1.25 V to 2 V, the rise of dark 

noise (447.1 %) prevails blackbody responsivity (243 %), which leads 

to the plateau and drop of the blackbody detectivity observed after 

1.25 V. The best performance under blackbody illumination is 

achieved at 1.25 V where the peak detectivity is 2.11×108 

cm•Hz1/2/W, as shown in Fig. 7(c). 
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Fig. 8. Bias voltage dependences of: (a) Blackbody responsivity; (b) Noise spectrum density; and (c) Blackbody detectivity measured at 77 K. 

 

 

Fig. 8(a) and (b) shows the calibrated absolute responsivity of the 

DWELL photodetector under ±2 V, ±1 V and ±0.5 V bias at 77 K, 

respectively. The sharp peaks observed at ~8.6 μm in both positive 

and negative bias are considered as artifacts and should be discarded. 

As can be seen in Fig. 8(b), the responsivity of the DWELL 

photodetector peaks at 14.67 mA/W at 7.09 μm (~175 meV) under -2 

V bias, and it reduces to 1.97 mA/W and 0.39 mA/W when bias 

decreases to -1 V and -0.5 V, respectively. The corresponding peak 

wavelength positions are 5.5 μm (~225 meV) and 5.45 μm (~228 

meV). Similarly for the forward bias, the maximum responsivity 

measured under 2 V, 1 V and 0.5 V are found at 10.9 mA/W, 1.29 

mA/W and 0.46 mA/W, respectively. The corresponding 

wavelengths are 6.39 μm (~194 meV), 5.85 μm (~212 meV) and 5.52 

μm (~225 meV) respectively. We notice that these photoresponse 

energies, which correspond to the inter-subband transition from QDs 

electron ground state to the quasi-continuum states of the GaAs 

matrix, are larger than that in the InAs/GaAs QDIP grown on Si 

substrate without the insertion of the two InGaAs QWs. For instance, 

the peak photoresponse at 1 V is ~ 6.5 μm (~ 191 meV) [15], which is 

21 meV smaller than the current DWELL sample. On the other hand, 

the PL emission energy associated with the QDs electron ground state 

transition observed in the same InAs/GaAs QDIP structure showed 

blue-shift compared with the current DWELL structure (1036 nm v.s. 

1200 nm). These results jointly suggest the additional InGaAs QWs 

sandwiched between the InAs QDs have lowered the ground state 

levels of electrons and holes in the QDs, leading to a blue-shift of 

inter-subband detection wavelength. Future works will be focused on 

optimizing the thickness and composition of the QWs layers to 

improve the performance and tune the detection wavelength of the 

DWELL device. From Fig. 8 it can be seen the responsivity 

intensities are asymmetric between negative and positive bias, which 

is possibly arisen from the asymmetric growth of the self-assembled 

QDs in the Stranski-Krastanov mode [11, 27]. Moreover, for both 

positive and negative bias, the photoresponse peaks shift to the longer 

wavelength (red-shift) with increasing bias. An energy shift of ~31 

meV is observed for positive bias whereas a larger shift of ~53 meV is 

observed for negative bias. The bias-tunability of photoresponse 

could be found in many InAs-based DWELL photodetector 

structures, which can be attributed to the quantum confined Stark 

effect (QCSE) [28, 29]. It should be noted that the peak response 

energies are significantly larger than the dark current activation 

energy (EA) obtained above. For instance, the photoresponse peak 

energy under 0.5 V is ~225 meV, which is ~74 meV larger than the 

EA at the same bias (151.4 meV). Difference in energy between the 

dark current activation and inter-subband photoresponse process have 

also been reported previously for similar InAs/InGaAs/GaAs 

DWELL photodetectors [24, 29, 30]. We believe this discrepancy is 

due to the fact the electron quasi-Fermi level lies above the fully-filled 

QDs ground states. 
Based on the previous studies for similar DWELL structures and 

the energetic data obtained from interband PL, dark current fitting and 

photoresponse measurements, we could deduce experimentally the 

energy band profile of our DWELL photodetector structure as 

depicted in Fig. 9. The conduction band offset between the GaAs 

spacer layer and InAs QDs is estimated to be 250-297 meV according 

to semi-empirical calculations reported by Krishna et al and Dixit et 

al.  [2, 30]. Similarly, the barrier height between InGaAs QWs and 

GaAs spacer layers is 194 ± 10 meV [30]. These energy schemes 

support our previous attribution of photoresponse peak energy to the 

inter-subband transition from the QDs ground states to the 

quasi-continuum levels. 



JOURNAL OF LIGHTWAVE TECHNOLOGY 

 

8 

2 3 4 5 6 7 8 9 10

0

2

4

6

8

10

12

2 3 4 5 6 7 8 9 10
-2

0

2

4

6

8

10

12

14

16
(b)

A
b

s
o

lu
te

 r
e
s
p

o
n

s
iv

it
y
 (

m
A

/W
)

Wavelength (m)

 2 V

 1 V (x2)

 0.5 V (x4)

T = 77 K

(a)

A
b

s
o

lu
te

 r
e

s
p

o
n

s
iv

it
y
 (

m
A

/W
)

Wavelength (m)

 -2 V

 -1 V (x2)

 -0.5 V (x4)

T = 77 K

 
 

Fig. 9. Absolute responsivity of the DWELL photodetector measured under (a) 2 V, 1 V and 0.5 V; and (b) -2 V, -1 V and -0.5 V at 77 K. 

 

 
 

Fig. 10. Experimentally obtained conduction and valence band profile of the DWELL 

structure. The one-way arrows represent upward (photoresponse, dark current) and 
downward (PL) transition from the DWELL structure, whereas the two-way arrows 

depict the estimated barrier height, conduction band offset and the energy separation 
between QD ground state and electron quasi-Fermi level EF (dashed black line). The solid 
black lines label the energy states related to different transition processes. 

 

Finally, the absolute responsivity and the noise spectrum density 

are utilized to calculate the specific detectivity (D*) of the DWELL 

photodetector under different bias voltages. The specific detectivities 

at 77 K under ±2 V bias are shown in Fig. 10. The best performance is 

achieved at 2 V, where the peak specific detectivity is 5.78×108 

cm·Hz1/2/W at 6.4 μm with the corresponding responsivity of 10.9 

mA/W. The specific detectivity reported recently in photodetectors 

with similar DWELL structures grown on GaAs substrates are shown 

in Table. 1. Compared with the best device reported by Ling et al. 

with the confinement enhanced AlGaAs barrier layers which 

achieved D* of ~1×1010 cm·Hz1/2/W [31], our DWELL photodetector 

is ~20 times lower in D*. Nevertheless, we also noted that the dark 

current density reported in their device is 3.8×10-1 mA/cm2 (at -1 V 

and 77 K), which is much larger than that in our device (8.5×10-3 

mA/cm2) measured at same conditions. This result is encouraging and 

confirms that the silicon-based DWELL photodetector has a 

promising development potential in silicon-based MWIR applications. 

The reason that the DWELL device shows lower D* performance 

than Ling’s device [31] is mainly due to the lower responsivity in the 

current structure. Therefore, some future works on these DWELL 

QDIP devices are still needed to improve quantum efficiency and 

tune the peak detection wavelength by optimizing device structure 

and material growth condition. 
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Fig. 11. Specific detectivity of the DWELL photodetector calculated at different 

wavelength under ±2 V bias at 77 K. 
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TABLE I 
COMPARISON OF PERFORMANCE OF SIMILAR DWELL PHOTODETECTORS 

Works Active region Substrate Peak D* (cm·Hz1/2/W) Peak λ (µm) 

Ling et al. 
[31]   

InAs/InGaAs/ 
AlGaAs 

GaAs 1×1010 
 (-0.9 V, 77 K) 8 

H. Ghadi et 

al. [6] 

InAs/InGaAs/ 

GaAs 
GaAs 4.1×109  (-1 V, 87 K) 7.3 

A. G. U. 

Perera et al. 

[32] 

InAs/InGaAs/ 
GaAs 

GaAs 1.4×109 
 (- 2 V, 78 K) 5 

This work 
InAs/InGaAs/ 

GaAs 
Si 5.8×108  (2 V, 77 K) 6.4 

Srinivasan 
et al. [23] 

InAs/InGaAs/ 
GaAs/AlGaAs 

GaAs 4×108
  (2 V, 77 K) 4.4 

     

 

IV. CONCLUSIONS 

In summary, we have demonstrated the first InAs/InGaAs/GaAs 

DWELL photodetector monolithically grown on silicon substrate. 

The incorporation of the DWELL structure in the InAs-based QDIP 

ensured a long carrier lifetime of 1.52 ns and three orders of 

magnitudes reduction in dark current densities, which suggested that a 

high-quality DWELL structure could be obtained on silicon substrate. 

A peak specific detectivity of 5.78×108 cm·Hz1/2/W under 2 V bias at 

6.4 μm and 77 K was achieved in these DWELL photodetectors with 

the corresponding responsivity of 10.9 mA/W. Our work shows that 

the performance of these III-V DWELL MWIR photodetectors 

directly grown on silicon substrate are very promising for future 

cost-effective silicon photonics application.  
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