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Abstract— We present indium antimonide-based devices for 

mid-infrared detection with enhanced sensitivity. InSb devices 

will be useful for many applications such as gas sensing and 

imaging. InSb avalanche photodiodes monolithically integrated 

with GaAs substrates were fabricated with diameters ranging 

from 90 to 200 µm, and extensively characterised at 

temperatures ranging from 77 K to 300 K. At 120 K a zero-bias 

responsivity of 2 A/W was measured, corresponding to a 

quantum efficiency of 55%. An experimental gain value of 10 

at a reverse bias of -3 V was obtained at 120 K, which to the best 

of our knowledge is the highest ever reported for InSb 

avalanche photodiodes. These results pave the way for the 

development of monolithically integrated mid-infrared array 

with added gain and wavelength tunability.  

 
Index Terms—Indium compounds, Infrared sensors, 

Photodetectors, Semiconductor devices 

I. INTRODUCTION 

The mid-infrared (mid-IR) region is of great interest for 

sensing applications, since the absorption lines of molecules 

such as carbon dioxide, methane, and ammonia are found 

within this spectral region [1]. Indium antimonide (InSb) and 

mercury-cadmium telluride (MCT) are well-established 

platforms for photodiodes (PDs) grown on native substrates, 

but have high costs. Mid-IR PDs based on different device 

layers and grown on non-native substrates have also been 

proposed [2, 3] with the aim of driving down device cost. 

There is considerable interest into adding new functionalities 

to the PDs. For an avalanche photodiode (APD) the 

avalanche process gives internal gain by generating multiple 

carriers for each absorbed photon, thus increasing the device 

limit of detection. Mid-IR APDs operating at 77 K have been 

reported on MCT material [4], on indium arsenide [5] and 

InSb [6]. Here we show avalanche behaviour in an InSb p-i-

n structure. Unlike previously reported devices, our InSb p-

i-n APD was grown on a semi-insulating (SI) gallium 

arsenide (GaAs) substrate. Besides the obvious cost-saving 

aspect of growing on SI GaAs, such heterogeneous growth 

has allowed the demonstration of monolithic arrays of InSb 

PDs [7] by functionalising the GaAs layers to make 

transistors for addressing the detectors. A mid-IR APD on 

GaAs would thus pave the way towards a monolithically 

integrated array in the mid-IR with built-in gain and 
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enhanced sensitivity. The article is structured as follows: 

Section II describes the device layers, the growth and the 

fabrication process; Section III details the electrical 

characterisation, carried out both at low temperature (120 K) 

and at room temperature; Section IV presents the optical 

characterisation of the InSb APDs; and finally Section V 

summarises and discusses the experimental results. 

II. DEVICE STRUCTURE AND FABRICATION 

The InSb APDs measured in this work were fabricated on 

a heterogeneous epitaxial layer structure where the 

antimonide layers were grown on top of a SI GaAs substrate 

by Molecular Beam Epitaxy (MBE). MBE growth on a SI 

substrate allows separate devices to be completely isolated, 

which is useful for monolithic integration of electronic 

circuits, as well as reducing parasitic capacitances for high-

frequency and low-power operation. Growth on SI subtrates, 

however, is more challenging than on doped substrates as the 

latter suffer less from temperature instability across the wafer 

[8]. Table 1 details the composition, thickness, and doping of 

the layers. 

TABLE I  

DEVICE MATERIAL STRUCTURE 

 
  

InSb Avalanche Photodiodes on GaAs Substrates 

for Mid-Infrared Detection  
Y. Alimi1, V. Pusino1,2, Matthew J. Steer1, and D.R.S. Cumming1,2, Member, IEEE 

Thickness 

(nm) 
Material 

Dopant 

(type) 
Carrier  

Conc. (cm-3) 

500 InSb Be (p+) 5.0E+17 

20 Al0.15In0.85Sb Be p+ 7.0E+17 

2000 InSb Be p+ 

graded from 

5.0E+16 to 

7.0E+17 (bottom 

to top) 

3000 InSb Nid n- 5E+15 

3000 InSb Te n+ 5.0E+17 

300 GaSb Ud  

600 GaAs Si n+ 2.0E+18 

300 GaAs Si n- 1.0E+17 

500 GaAs Ud  

600000 GaAs Ud  
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The layer structure is very similar to that reported in [2]. 

However, there are two key changes: the absorption region 

is heavily doped to ensure most of the incident radiation is 

absorbed and converted into electron-hole pairs; an undoped 

avalanche region was introduced between the absorption 

region and the underlying InSb n-contact layer to sustain the 

avalanche of the photo-generated carriers. The changes to the 

epitaxial layer structure reflect the fundamental differences 

in operation between a PD and an APD. In a PD, the heavily 

doped upper contact layer, necessary to make good Ohmic 

contacts, is made as thin as possible to reduce unwanted 

photon absorption and ensure photons are instead absorbed 

in the underlying absorption layer that is left undoped. On 

the other hand, in an APD, the absorption layer is 

intentionally thicker and heavily doped in order to absorb 

nearly 100 % of the incident radiation. The high electric field 

in the avalanche region then causes impact ionisation to take 

place, resulting in a multiplication of the photo-generated 

carriers. The avalanche region needs to be carefully designed 

both in terms of thickness and doping, as the electric field 

across this layer must remain constant, to maximise the 

avalanche gain and avoid device breakdown due to high field 

gradients at the interfaces between layers. Simulations 

showed how changes to several material parameters affect 

the electric field across the avalanche region [9], highlighting 

that a very accurate control of thickness and doping of the 

avalanche region is needed to attain good APD performance. 

A similar material structure has been reported for InSb APDs 

grown on an n-doped InSb substrate [6]. The previously 

reported structure did not have the Al0.15In0.85Sb barrier that 

provides a better rectifying behaviour, especially as the 

temperature is increased towards room temperature. The 

conduction band barrier height provided by the Al0.15In0.85Sb 

layer is estimated to be greater than 80 meV [10]. 

  
Fig. 1. (a) Optical micrograph of a 90 µm diameter InSb APD. The 

dashed red line indicates the section along which the cross-sectional 

diagram (b) of a completed device is presented. 

Circular photodiodes with mesa diameters ranging from 

90 µm to 200 µm were fabricated on the InSb APD material 

using a similar fabrication process to that used for InSb PDs, 

the details of which have been given elsewhere [2]. Fig. 1(a) 

shows an optical micrograph of one of the finished devices 

before wire-bonding, whereas the diagram in Fig. 1(b) 

illustrates the cross section of a finished APD. Devices were 

isolated by etching the material surrounding the InSb n-

contact down to the SI GaAs substrates. A 600 nm-thick 

layer of silicon nitride (SiNx) was used to passivate the 

devices and minimise sidewall-related leakage current. 

III. ELECTRICAL CHARACTERISATION 

Dark I-V characterisation of the InSb APDs was carried 

out at three different temperatures (77, 120 and 300 K) using 

a Keysight B1500 Source Meter Unit (SMU). Devices with 

various mesa diameters were measured, ranging from 90 to 

180 μm. The heavily doped GaAs layers present in the 

structure do not affect the I-V characterisation of the InSb 

APDs, due to the thick GaSb buffer interposed between the 

two materials. Fig. 2 (a) and (b) show the dark current and 

the dark current density as a function of the applied bias 

voltage for an APD with a diameter of 90 µm. 

 
Fig. 2. I-V characterisation results showing (a) the dark current and (b) 

the dark current density of a 90 µm diameter InSb APD measured at 

77 K, 120 K and 300 K. 

The rectification behaviour of the APD improves as the 

temperature decreases, with the smallest values of leakage 

current observed at 77 K. The dark current density measured 

at -50 mV is 36.8 A/cm2 at 300 K, and reduces to 0.23 and 

90 µm 



0.038 A/cm2 at 120 and 77 K, respectively. The values are 

consistent with the residual doping level of 5E+15 cm-3 of 

the intrinsic avalanche region [9]. The I-V characterisation 

results suggest that thermal processes such as Shockley-Read 

Hall (SRH) and Auger generation of intrinsic carriers in the 

depletion region become the main mechanisms of leakage 

current generation as the temperature increases towards 

300 K. The 20 nm-thick p+ Al0.15In0.85Sb barrier layer 

suppresses the diffusion of thermally generated carriers from 

the upper contact region into the intrinsic region [11,12], but 

thermal excitation in the intrinsic region will still be present. 

As one would expect, the contribution of thermally generated 

carriers to the leakage current decreased with the temperature 

and the bandgap of InSb correspondingly increased from 

180 meV at 300 K to 227 meV at 77 K [13,14]. The effect of 

surface leakage (shunt current) and band-to-band tunneling 

was more significant at higher reverse bias, and was 

negligible at zero or low bias voltages [15]. 

 
Fig. 3. (a) Arrhenius plot of a 90 µm diameter InSb APD and (b) 1/ R0A 

plotted as a function of perimeter/area. 

The Arrhenius plot in Fig. 3 (a), showing the dark current 

density at a bias of -50 mV vs. the temperature for the 90 µm 

mesa APD, provides further insight into the dominant dark 

current generation mechanism at different temperatures. As 

Fig. 3 (a) shows, the activation energy of electrons (Ea) was 

extracted from the slope of the curve, with two values 

obtained for different temperature intervals. From room 

temperature down to approximately 160 K, Ea is estimated to 

be 183 meV, which is close to the bandgap of InSb [13,14]. 

The two Auger generation processes most relevant to InSb 

(Auger 1 and Auger 7) have threshold energies close to the 

bandgap of InSb [16], thus the measured value of Ea suggests 

that their contribution to the leakage current dominates over 

SRH in this temperature range. Below 100 K, Ea is 9 meV, 

which is significantly lower than the band gap of InSb. The 

low value of Ea suggests surface leakage currents and/or 

shallow energy traps dominate dark current generation 

between 77 and 100 K [17]. Since the sidewalls of the APDs 

were passivated with SiNx, it is thought the main contribution 

arises from shallow traps related to threading dislocations 

and growth defects. 

The zero-bias resistance (R0) is the differential resistance 

at zero bias extracted from the dark I-V characteristic. The 

zero-bias resistance-area product (R0A) is often used as a 

figure of merit for photodetectors and it can be used to 

understand the bulk and surface leakage contribution to the 

dark current. Fig. 3 (b) shows 1/R0A as a function of 

perimeter-to-area ratio (P/A). The relationship between 

1/R0A and P/A follows the equation [14]: 
1

𝑅0𝐴
=

1

𝑅0𝐴𝑏𝑢𝑙𝑘
+

1

𝑟𝑠𝑢𝑟𝑓

𝑃

𝐴
             (1) 

where R0Abulk is the bulk contribution to the R0A, and rsurf is 

the surface resistivity. As it can be clearly seen from 

Fig. 3 (b), 1/R0A is nearly constant across the range of 

devices measured, suggesting the surface resistivity 

component in eq. (1) can be neglected, i.e. the leakage 

current attributed to surface states has been effectively 

suppressed through SiNx passivation. 

IV. OPTICAL CHARACTERISATION  

The absorption spectra of the APDs in the mid-IR range 

were measured using a Fourier Transform infrared (FTIR) 

spectrometer (Bruker Vertex 70) at 300 K and 120 K. The 

zero-bias absorption spectra of an APD with a mesa area of 

90 µm measured at 120 and 300 K are shown in Fig. 4, and 

devices with different areas showed similar results.  



 
Fig. 4. Comparison of absorption spectra of a 90 µm diameter InSb 

APD at 120 and 300 K. 

The spectra of all devices measured presented cut-off 

wavelengths of 6.3 and 7.7 µm at 120 and 300 K, 

respectively, corresponding to the energy bandgap of InSb at 

those temperatures [13,14]. Moreover, the intensity of the 

spectrum at 120 K was approximately 80 times higher than 

that at 300 K, due to the reduced Auger recombination and 

increased carrier lifetime at lower temperature [13]. The dip 

in the spectrum at 4.2 µm is because of the spectral 

absorption of carbon dioxide molecules, as the experiments 

were carried out in the ambient room environment. 

The responsivity performance of the APDs was also 

studied at 120 and 300 K, using a continuous-wave 

distributed feedback (DFB) Quantum Cascade Laser (QCL) 

from Hamamatsu (L12004-2190H-C) as a mid-IR source 

with peak wavelength of 4.57 μm. The responsivity (RI) of 

the APDs is calculated as: 

𝑅𝐼 = 𝐼𝑝ℎ 𝑃𝑖𝑛 = (𝐼𝑝ℎ 𝑃𝑡𝑜𝑡𝑎𝑙⁄ )(𝐴𝑏𝑒𝑎𝑚 𝐴𝐴𝑃𝐷⁄ )⁄     (2) 

where Iph is the photocurrent, Pin is the laser power incident 

onto the APD, Ptotal and Abeam are respectively the total power 

and the total area of the laser beam shone on the device, and 

AAPD is the sensing area of the APD (i.e. the total mesa area 

minus the contact area). The total power of the laser (Ptot) 

was measured with a broad area power meter (Thorlabs 

S401C, connected to the PM100D control unit), while the 

size of the beam was obtained using the knife-edge method 

[18]. The size of the QCL beam was considerably larger (four 

orders of magnitude) than the sensing area of the devices. 

Therefore, to ensure the measured responsivity was solely 

the response of individual APDs, a 150 µm pinhole was 

placed between QCL and APDs to suppress the effect of 

internal reflections of the mid-IR radiation in the surrounding 

semiconductor. Fig. 5 displays the responsivity as a function 

of sensing area, together with the corresponding quantum 

efficiency (QE).  

 
Fig. 5. Responsivity (left axis) and quantum efficiency (right axis) of the 

InSb APDs at zero bias as a function of device sensing area. 

It can be clearly seen that APDs demonstrate higher 

responsivity (and QE) at 120 K which is a result of increased 

carrier lifetime and thus larger photocurrent when 

illuminated. The dominant mechanism limiting room-

temperature carrier lifetime in intrinsic InSb is Auger 

recombination, which is decreased at reduced temperature 

[12]. Zero-bias QE of a 120 µm APD measured at 120 K and 

300 K is 55% and 30% respectively, the latter showing a 

good agreement with the reported results on InSb photodiode 

on GaAs [2]. The decrease in responsivity when the sensing 

area is increased is attributed to the current spreading length 

remaining constant as the device size is increased, since the 

InSb APDs have a single annular anode on the top surface of 

the device (see Fig. 1). Non-uniform current spreading, 

caused by the much higher p-type sheet resistance compared 

to the n-type sheet resistance, means that the photo-generated 

current is collected only in close proximity to the edge of the 

contact [19]. This current localisation effect is less obvious 

at low temperature as the current spreading length increases 

with cooling the APDs [20].  



 
Fig. 6. (a) Current density vs. applied voltage for the 120 µm mesa InSb 

APD in the dark and under illumination with different photon fluxes; 

(b) I-V characteristics without illumination and (c) gain obtained vs. 

applied voltage for the four smallest APDs fabricated. 

The gain of the InSb APDs was also measured. The gain 

of an APD with a reverse bias V applied is defined as the 

ratio of the generated photocurrent at the bias voltage Iph(V) 

to the zero-bias photocurrent Iph(0) as given by [9,11]: 

𝐺(𝑉) =
𝐼𝑝ℎ(𝑉)

𝐼𝑝ℎ(0)
=

𝐼𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑(𝑉)−𝐼𝑑𝑎𝑟𝑘(𝑉)

𝐼𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑(0)−𝐼𝑑𝑎𝑟𝑘(0)
        (3) 

where Iilluminated (V) and Idark (V) are the total current under 

illumination and the dark current at bias voltage V. Iilluminated 

(0) and Idark (0) are the total current under illumination and 

the dark current at zero bias, respectively.  

To measure the gain, the APDs were illuminated by the 

QCL source and the devices were biased by Keithley 4200 

SMU. The photocurrent of all devices was measured under 

QCL illumination, and neutral density filters (NDFs) were 

used to attenuate the laser beam and verify that the gain was 

independent of photon flux. Fig. 6 (a) displays the current 

density of a 120 µm diameter APD measured at 120 K as a 

function of the applied reverse bias. It can be seen that the 

curves under illumination show a good overlap especially 

towards higher reverse voltages. Fig. 6 (b) and (c) show the 

dark I-V characteristic of the four smallest APDs fabricated, 

and the corresponding gain that was measured, respectively. 

A gain of up to nearly 10 at -3 V (i.e. with an electric field of 

10 kV/cm across the avalanche region) was obtained for the 

smallest APD measured. Lower gain was measured for 

devices with bigger areas, but all fabricated devices showed 

gain. The increasing gain observed in Fig. 6 (c), that is found 

to be exponentially dependent on reverse bias, is 

characteristic of avalanche dominated by impact ionisation 

from electrons, consistent with previous reports on InSb 

avalanche mechanism [6,21]. The majority of the photons are 

absorbed in the thick and heavily p-doped InSb absorption 

layer, resulting in a pure injection of electrons into the non-

intentionally doped InSb avalanche layer. 

V. DISCUSSION AND CONCLUSIONS 

A novel material structure is proposed for the realisation 

of APDs working in the mid-IR wavelength range. The 

epitaxial layers were grown on SI GaAs substrates, therefore 

the material is suitable for monolithically integrated mid-IR 

arrays [22,23]. The devices are passivated using SiNx to 

minimize the contribution of surface leakage to dark current. 

Extensive electrical characterisation from 77 K to 300 K 

highlighted that the main contribution to the leakage current 

above 100 K is thermally excited carriers. The resistance-

area (R0A) product was found to be independent of the 

perimeter to area ratio (P/A), a finding that confirms the 

effectiveness of the SiNx passivation. Zero-bias QE of 55% 

and 30% was achieved at 300 and 120 K respectively, with a 

120 µm APD. Experimental characterisation with a reverse 

bias applied and 4.57 µm illumination yielded a gain of 

nearly 10 at -3 V. The results suggest avalanche in InSb 

APDs is dominated by electrons, with the impact ionisation 

coefficient of electrons α much greater than the impact 

ionisation coefficient of holes β (α >> β).  

The experimental investigation carried out in this work 

validates the proposed material structure for InSb APDs, 

demonstrated for the first time on SI GaAs substrates. Future 

work will explore the possibilities of monolithic integration 

with functionalised GaAs layers. 
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