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Abstract: In this study, InSb p-i-n photodetectors with In0.82Al0.18Sb barrier layers were 
grown on a (100) 6° offcut Si substrate by heteroepitaxy via an AlSb/GaSb buffer. Based on 
an interfacial misfit array growth mode, the dislocations at the GaSb/Si and InSb/AlSb 
interfaces accommodated the lattice mismatch. The In0.82Al0.18Sb barrier layer increased the 
77 K R0A of the detector. From 180 K to 300 K, the generation-recombination mechanism 
dominated the dark current generation in the detector and surface leakage became dominant 
below 120 K. The detector exhibited a 77 K responsivity of 0.475 A/W and a Johnson-noise-
limited detectivity of 3.08 × 109 cmHz1/2W−1 at 5.3 µm. 
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1. Introduction 
Photonic spectrum at the mid-infrared (MIR) region (3-8 µm) reveals information about 
some important chemical molecules, such as CO2, H2O, CH4, NH3, –OH, and –CH. 
Therefore, mid-infrared photodetectors have been used widely in environmental monitoring, 
automotive industry, food science, and medicine [1–3]. InSb is an attractive material for MIR 
photodetectors due to its 300 K bandgap of 0.17 eV, robust chemical properties, mature 
growth, and fabrication techniques [3]. Integration of InSb photodetectors on Si could be an 
essential step for the next generation of InSb focal plane arrays (FPAs) [3]. Moreover, InSb 
photodetectors on Si could also play an important role in MIR silicon photonics where the 
devices on Si platforms operate in the MIR region. MIR silicon photonics provide a higher 
channel density for on-chip optical interconnects and are also crucial for on-chip chemical 
and biological sensors [4, 5]. 

Strategies to integrate InSb photodetectors on a Si platform have been proposed to 
overcome their large lattice mismatch (19.3%). They can be generally categorized into 
heteroepitaxial growth [6], wafer bonding [7], and the flip-chip package [3]. Heteroepitaxial 
growth of an InSb layer on a (100) Si substrate not only overcomes the limit of small-sized 
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InSb substrates in the wafer bonding, it also helps to reduce the complicity of fabrication in 
the flip-flop package where sophisticated substrate thinning and alignment processes are 
required to integrate small InSb pixels on Si [8]. Directly depositing In and Sb atoms on 
(100) Si results in the formation of In metallic balls instead of a continuous InSb layer 
because of the preference of Sb to chemically bond with Si rather than In [9]. Therefore, an 
intermediate buffer between InSb and Si is required. GaAs has been used as a buffer to grow 
InSb photodetectors on (100) Si substrates due to its small lattice mismatch with Si [6, 10]. 
Compared with GaAs, the lattice mismatch between GaSb or AlSb and InSb is even smaller 
(6.28%). Applying an AlSb buffer for the growth of InSb on GaAs and Si has been reported 
in previous studies [11]. However, the direct growth of AlSb on Si resulted in lattice rotation 
[12]. Intentionally forming an interfacial misfit (IMF) array at the GaSb/Si interface is a 
novel approach to grow low-defect GaSb on Si [13], where uniformly distributed 90° misfit 
dislocations accommodate the lattice mismatch. Moreover, the misalignment between III-V 
compound semiconductors (polar structure) and Si (non-polar structure) resulted in the 
formation of anti-phase boundary (APB) in III-V compound semiconductors [14]. This 
challenge can be tackled using offcut Si substrate due to double-atomic-height steps forming 
on the surface of offcut Si substrate [13, 15]. 

In this work, we demonstrated the heteroepitaxial growth of the InSb p-i-n photodetector 
on a (100) 6° offcut Si substrate via a 250-nm-thick AlSb/GaSb buffer. The lattice mismatch 
between GaSb and Si was accommodated by the IMF array. An electron barrier In0.82Al0.18Sb 
layer was inserted into the photodetector to suppress the dark current [16]. In0.82Al0.18Sb has a 
large conduction band offset (0.54 eV at 77 K) and a negligible valence band offset (nearly 0 
eV at 77 K) with InSb [17]. The InSb photodetector on Si exhibited a 77 K Johnson-noise-
limited detectivity of 3.08 × 109 cmHz1/2W−1. 

2. Experimental procedures 
The epitaxy structure of the InSb p-i-n photodetector with an In0.82Al0.18Sb barrier layer on Si 
is shown in Fig. 1(a). The entire growth process was carried out using a solid-state molecular 
beam epitaxy (MBE). The n-type and p-type dopant was Si and Be, respectively. Before the 
growth, the (100) 6° offcut Si substrate was etched with hydrofluoric acid to remove surface 
oxide. Then it was transferred to the MBE system and heated up to 950 °C for 30 mins to 
form double layer steps on the Si surface, which is essential for the suppression of APB in 
compound semiconductors on Si [18]. A 5 nm AlSb prelayer was first grown on Si at 560 °C. 
A spotty reflection high-energy electron diffraction (RHEED) pattern was observed, which 
indicated the formation of AlSb islands on the Si surface. Subsequently, a 200 nm GaSb 
layer and a 50 nm AlSb layer were grown at 430 °C. A 100 nm InSb buffer was grown on 
AlSb at 310 °C, because the lower growth temperature of InSb on AlSb promoted the 
formation of 90° misfit dislocations at their interface [19]. Finally, the structure of the InSb 
photodetector was grown on the AlSb surface at 345 °C. An In0.82Al0.18Sb barrier layer was 
also grown at 345 °C. In and Al fluxes were calibrated using the MBE flux gauge to 
determine the composition of the In0.82Al0.18Sb layer. 

In the InSb photodetector device fabrication, an InSb mesa was formed on each 
photodetector using a wet etch process with an etchant solution composed of citric acid and 
H2O2 (the ratio of citric acid and H2O2 = 33:2 by weight). The mesa areas ranged from 0.228 
mm2 to 0.00145 mm2. Au (150 nm)/Ti (30 nm) contacts were formed at the n + and p + 
contact layers, respectively, using the standard electron beam evaporation technique. No 
surface passivation or antireflection coating was applied on these devices. The InSb 
photodetectors were mounted in a liquid nitrogen cooled optical cryostage for the 
characterization from 77 K to 300 K. The photoresponse of the InSb detector was measured 
using a 700 °C black body and a MIR tunable laser as the light source. 
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3. Results and discussion 
Figure 1(b) shows an X-ray diffraction (XRD) (004) ω-2θ scan of the InSb photodetector 
grown on Si via the AlSb/GaSb buffer. The peaks of InSb, InAlSb, AlSb, GaSb, and Si are 
indicated in the figure. Figure 1(c) contains a (115) XRD reciprocal space map (RSM) of the 
sample. The diagonal dashed line indicates fully relaxed layers on Si. The centers of the InSb 
and GaSb peaks are located along the line, which indicates that the InSb and GaSb layers are 
nearly fully relaxed. Using the data from Fig. 1(b) and (c), the degrees of relaxation in the 
GaSb buffer and InSb layer were calculated to be 99.5% and 99.2%, respectively. Above the 
InSb peak, a weak x-ray signal with a smaller Qz than the InSb peak was observed, which 
could be attributed to the In0.82Al0.18Sb barrier layer. The same Qx of InSb and In0.82Al0.18Sb 
suggested that the In0.82Al0.18Sb is fully tensile-strained with InSb. 

 

Fig. 1. (a) Schematic diagram of the InSb p-i-n photodetector with an In0.82Al0.18Sb barrier 
layer grown on a (100) 6° offcut Si substrate via a 250-nm-thick AlSb/GaSb buffer. (b) (004) 
XRD ω-2θ scan of the InSb photodetector grown on Si. (c) (115)XRD space map (RSM) of 
the InSb photodetector grown on Si. 

Figure 2(a) contains a bright-field transmission electron microscopy (TEM) image of the 
GaSb/Si interface. The interface is abrupt and misfit dislocations are uniformly distributed 
along it, which indicates an IMF array. No APB is observed. Figure 2(b) shows the HR TEM 
image of the IMF array at the GaSb/Si interface where periodically distributed dark and light 
bands are observed. These bands are attributed to the strain fields around interfacial misfit 
dislocations [20] and are the feature of an IMF array. The lattice mismatch between GaSb 
and Si is accommodated by uniformly distributed 90° misfit dislocations [13, 21]. The bright-
field image of the InSb/AlSb interface is shown in Fig. 2(c). Unlike the GaSb/Si interface, 
some dark regions distributes irregularly along the InSb/AlSb interface. These dark regions 
are caused by interfacial misfit dislocations. 
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Fig. 2. (a) Bright-field TEM image of the GaSb/Si interface. (b) High resolution TEM (HR 
TEM) image of an IMF array at the GaSb/Si interface. (c) Bright-field TEM image of the 
InSb/AlSb interface. (d) HR-TEM image of the misfit dislocations obtained in the dashed box 
in (c). 60° misfit dislocations are indicated by one arrow and 90° misfit dislocations are 
indicated by a pair of arrows. 

To investigate the InSb/AlSb interface further, a HR-TEM image was acquired of the 
dashed box region in Fig. 2(c), as shown in Fig. 2(d). The extra lattice plane is indicated by a 
red dashed arrow. 90° misfit dislocations, which are associated with two extra lattice planes, 
are marked by a pair of arrows, while 60° misfit dislocations, which are associated with one 
extra lattice plane, are marked by a single arrow. Two 90° misfit dislocations and seven 60° 
misfit dislocations were observed. Unlike the 90° misfit dislocations, the 60° dislocations 
glided along the (111) lattice plane to form threading dislocations [22]. There was no 
uniformly distributed 90° misfit dislocation array at the InSb/AlSb interface. Six of the 60° 
misfit dislocations were located close to another 60° misfit dislocation. Two adjacent 60° 
misfit dislocations may annihilate each other during propagation to suppress the formation of 
a threading dislocation [23]. 

 

Fig. 3. (a) Temperature dependent dark current density (Jdark)-voltage curves temperature for 
the detector with a mesa area of 0.0787 mm2. (b) Comparison of voltage dependent Jdark at 77 
K between the InSb photodetector with and without the barrier layer. (c) The natural 
logarithm of ln(Jdark) vs. 1/kT for the device presented in (a) and the red lines are the 
Arrhenius fitting using Eq. (1) from 300 K to 77 K. (d) Perimeter-to-area (P/A) ratio 
dependent R0A for detectors with different sizes at 77 K. The solid lines are the fitting using 
Eq. (2). The inset is the optical image of the InSb photodetector. 
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Figure 3(a) shows the temperature dependent dark current density-bias voltage (Jdark-Vbias) 
curves for the detector with a mesa area of 0.0787 mm2. The Jdark increased from 77 K to 300 
K. The Jdark below 160 K is insensitive to temperature. The 300 K Jdark at Vbias = −50 mV is 
25.49 A/cm2, which is comparable to the Jdark of 27 A/cm2 reported for the InSb 
photodetector on GaAs [24]. To identify the effect of the In0.82Al0.18Sb barrier layer on the 
Jdark of InSb photodetectors, a sample without the barrier layer was grown on Si and 
fabricated. Figure 3(b) compared 77 K dark current-Vbias curves between the detectors (with 
identical mesa sizes) with and without a barrier layer. Zero bias resistance (R0) is the 
differential resistance of a p-i-n photodetector at Vbias = 0 V which was extracting from dark 
current-Vbias curves. The detector with the barrier layer has a zero bias resistance-area 
product (R0A) of 0.179 Ωcm2, while the detector without the barrier layer has a R0A of 0.091 
Ωcm2. The effect of a 20 nm In0.82Al0.18Sb barrier layer is comparable to the effect of an 
InAlSb barrier layer in the InSb detector on GaAs, as the R0A was increased by 70% due to 
the barrier layer [17]. Both Fig. 3(a) and (b) show the Jdark increases with the increasing 
reverse bias, especially at Vbias below −0.2 V. This phenomenon can be attributed to surface 
leakage which will be discussed later and carrier tunneling mechanism. For narrow bandgap 
photodiode, carriers easily tunnel through the PN junction to the other side of the junction at 
a high reverse bias to form tunnel current [25]. Both surface leakage and tunnel current 
strongly depend on reverse bias, therefore, its effect is not remarkable under a low or zero 
reverse bias [26]. The remarkable increment in the tunneling and surface leakage current at a 
high reverse bias make contribution to the rapidly increasing Jdark with the increasing reverse 
bias. Figure 3(c) shows the temperature dependent Jdark at V = −50 mV from 77 K to 300 K to 
investigate the dark current generating mechanism. The Jdark can be fitted using the Arrhenius 
equation as 

 a
dark 0

E
J J exp

k TB

 
= − 

 
 (1) 

where J0 is the pre-exponential factor, Ea is the activation energy, kB is the Boltzmann 
constant, and T is the temperature. From 300 K to 160 K, Ea is 95.2 meV, which is about half 
of the InSb band gap in this temperature range. Therefore, the dark current generating 
mechanism is the generation-recombination (G-R) mechanism where carriers were thermally 
excited from the valence band to the conduction band via the defects between the two bands 
[27]. Below 120 K, the Ea decreases to 5.5 meV, which is much lower than the bandgap of 
InSb. This low activation energy suggests that the dark current generating mechanism in this 
temperature range could be due to surface leakage [28]. 

To investigate the surface leakage current at 77 K, the relationship between perimeter-to-
area (P/A) ration and the [R0A]−1 was measured and is shown in Fig. 3(d). The P/A 
dependent [R0A]−1 can be fitted using 

 
0 0 bulk surface

1 1 1 P
R A R A r A

= +  (2) 

where R0Abulk is the bulk contribution to the R0A, rsurface is the surface resistivity, and P/A is 
the perimeter-to-area ratio of the detector. The fitted results are shown in Fig. 3(d) where the 
rsurface is 23.47 Ωcm and R0Abulk is 8.41 Ωcm2. For the detector shown in Fig. 3(c) with a P/A 

of 126.6 cm−1, the reciprocal bulk resistivity (
0 bulk

1
R A

) is 0.119 Ω−1cm−2 and the item about 

the reciprocal surface resistivity (
surface

1 P
r A

) is 5.394 Ω−1cm−2. The low surface resistivity 
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decreases the R0A. Therefore, the contribution of surface leakage to Jdark is remarkable at 77 
K, which is consistent with the results in Fig. 3(c). 

The surface leakage current could be attributed to surface states. It can be suppressed by 
applying surface passivation [3]. For the detector with the smallest P/A (i.e. the largest mesa 
area shown in the bottom right corner of Fig. 3(d)), the surface leakage current does not obey 
the linear relationship between [R0A]−1 and P/A. This phenomenon could be explained as 
current localization [24], where the current collection is not efficient. As shown in the inset 
of Fig. 3(d), the dark current of the InSb detector was collected by the annular top electrode 
around the mesa. For the detector with a large mesa size, the thermally generated carriers at 
the center of the mesa were not collected by the annular electrode. Therefore, the measured 
Jdark is lower than the actual generated current: leading to a lower [R0A]−1. Moreover, the 
analysis of the dark current generating mechanism and P/A dependent [R0A]−1 indicate that 
the In0.82Al0.18Sb barrier layer only partially blocks the dark current and is not an ideal one. 
The ideal barrier layer is able to make the R0A of the detector near “Rule-07” [16]. Rule-07 
assumes all dark current is Auger-limited where the 77 K R0A is 2.29 × 1010 Ω/cm2 for the 
detector with the cutoff wavelength of 5.5 µm [29]. 

 

Fig. 4. (a) Temperature-dependent photocurrent density of the InSb detector on Si. The light 
source is a blackbody maintained at 900 °C and its output spectrum is shown in the inset of 
(a). (b) Spectral response of the InSb detector on Si. The left and right y-axis is the 
responsivity and detectivity, respectively. 

Figure 4(a) shows the temperature dependent photoresponsivity of the InSb detector on 
Si. A black body maintained at 700 °C was used as the light source and its output spectrum is 
shown in the inset of Fig. 4(a). The black body radiation was chopped at 200 Hz. The InSb 
detector was operated at Vbias = 0V (i.e. photovoltaic mode) to minimize the dark current. 
The measured photocurrent density decreased with an increase in temperature from 77 K to 
200 K, which was attributed to a lower carrier lifetime and a higher background carrier 
concentration at a higher temperature [30]. The 77 K spectra responsivity was measured 
using a tunable laser from 4.4 µm to 6.4 µm with a step of 0.1 µm and its output intensity 
was calibrated by a laser power meter. The detector was operated at photovoltaic mode. The 
detector exhibited a 50% cutoff wavelength of 5.5 µm. The highest responsivity (Rp) was 
0.475 A/W obtained at 5.3 μm, which corresponds to a quantum efficiency of 11.1%. Based 
on the electrical and optical characterization, the Johnson-noise-limited detectivity (D*) of 
this device was estimated [31] using 

 
1/2

* 0 
4p

B

R A
D R

k T
 

=  
 

 (3) 

where kB is Boltzmann’s constant and T is the 77 K. The D* is also shown in Fig. 4(b) and 
the highest D* is 3.08 × 109 cmHz1/2W−1 at 5.3 µm. 

The D* of the InSb detector on Si could be further improved for application in a practical 
system. Optimizing the growth of InSb on AlSb to minimize the formation of 60° interfacial 
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misfit dislocations, which lead to threading dislocations, is essential. A high threading 
dislocation density decreased the R0A significantly. The R0A can be increased through 
optimizing the barrier layer. A 50 nm In1-xAlxSb graded barrier layer with x varying from 
0.15 to 0.35 was inserted in the InSb photoconductor to form an nBn photodetector and to 
achieve a low 77 K dark current [32]. Increasing the absorption layer (i-layer) thickness to 
enhance responsivity would be an option. The InSb photodetectors with the i-layer thickness 
of 6 µm have been grown on GaAs-coated Si substrates. Their highest 77 K responsivity was 
1.4 A/W [33] and detectivity was 2.8 × 1010 cmHz1/2W−1 [10] which are both higher than that 
of the InSb detectors presented in this paper. The absorption coefficient of InSb at 5.3 µm is 
around 3100 cm−1 [34]. Therefore, an absorption layer thickness of at least 3.2 µm is needed 
to absorb (1-1/e) of incident 5.3 µm light. 

4. Conclusion 
In conclusion, InSb photodetectors with In0.82Al0.18Sb barrier layers grown on a (100) 6° 
offcut Si substrate via an AlSb/GaSb buffer were investigated. The misfit dislocations at the 
GaSb/Si and InSb/AlSb interfaces accommodated the lattice mismatch between InSb and Si 
and minimized the formation of defects in the InSb layer. The In0.82Al0.18Sb barrier layer 
increased the R0A of the InSb detector by 96.7%. It is suggested that the dark current of the 
InSb detector is generated by the G-R mechanism from 160 K to 300 K and by surface 
leakage below 120 K. At 77 K, the detector obtained a 77 K responsivity of 0.475 A/W at 5.3 
µm, which corresponded to a Johnson-noise-limited detectivity of 3.08 × 109 cmHz1/2W−1. 
With further optimization, this InSb detector grown on Si could be applied in InSb FPA and 
MIR silicon photonics. 
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