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Lay Abstract 

 Infrared light (IR) falls in the wavelength range of 0.75 ɛm to 1000 ɛm, with IR 

based technology having numerous applications in society. With uses in the sciences, 

research, medicine, and general everyday technology, common IR ranges for material 

analysis range from 1.4 to 3 ɛm in the short-wavelength IR (SWIR), 3-5 ɛm in the mid-

wavelength IR (MWIR), and 8-15 ɛm in the long-wavelength IR (LWIR). These ranges 

include IR absorption due to molecular vibrations, and includes wavelengths corresponding 

to the bandgaps of relevant semiconductor materials for IR detectors. To aid in light 

absorption in semiconductor materials, nanometer scale cylindrical structures called 

nanowires or pillars can be used on the detector surface, enhancing light absorption, and 

allowing for absorption wavelength manipulation by adjusting nanowire diameter. This 

work focuses on developing IR detectors with wavelength absorption in the 1-16 ɛm range, 

dependent on nanowire geometry. 
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Abstract 

 InSb and InAsSb pillars, which are large diameter nanowires (NWs), were 

investigated as an alternative infrared (IR) detector technology to HgCdTe (MCT) for 

tunable multispectral IR detection with optical properties manipulated by pillar diameter 

and pitch. Undoped InSb and InAsSb thin films were grown on undoped Si (100) substrates 

by molecular beam epitaxy (MBE) with a thin AlSb buffer layer. A top-down etching 

method was used to fabricate pillars of diameters ranging from 300 nm to 1500 nm for InSb, 

and 1700 nm to 4000 nm for InAsSb. Pillar arrays were analyzed optically by Fourier 

transform IR spectroscopy (FTIR). The InSb and InAsSb pillars produced narrow 

absorption peaks with wavelength ranging from 1.61 ɛm to 6.86 ɛm for InSb and 8.1 ɛm 

to 16.2 ɛm for InAsSb. A 100 nm increase in pillar diameter corresponded to a 0.495 ɛm 

increase in peak absorption wavelength. 

InSb thin films were also grown on n-type (As doped, Ò 0.005 ɋ cm) Si (100) 

substrates to create a p-i-n junction, with an initial 2 ɛm thick undoped InSb region grown 

directly on the substrate, and a 0.5 ɛm thick p-type (Be doped, 2x1019 cm-3) InSb top layer. 

These films were used to create two devices; an interdigitated contact photoconductor with 

varying finger geometry, and a photovoltaic device with square top contacts of varying area. 

I-V characterization demonstrated trends in current with varying finger geometry. 

Photocurrent measurements were obtained for both the photoconductor and photovoltaic 

devices under IR and solar illumination. The photocurrent values were orders of magnitude 

higher for the photoconductive device compared to the photovoltaic device, indicative of 
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potential photoconductive gain. Photocurrent generation in the InSb p-i-n structure 

introduces the possibility of diameter-dependent photocurrent generation in etched pillar 

devices.  
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Chapter 1 ï Introduction  

1.1 Early History of Infrared Technologies  

Infrared (IR) light was first discovered in the year 1800 by William Herschel using a 

prism and a thermometer [1.1, 1.2]. In his experiment, the prism was used to separate 

sunlight into a spectrum on his workbench (figure 1.1), and he was interested in measuring 

each colored region with a thermometer and comparing the temperature change with a 

reference elsewhere in the room to better understand the energy distribution of the sunôs 

rays. He observed that for the thermometer being exposed to visible light, the temperature 

reading increased as the thermometer was moved through the visible spectrum from violet 

to red light. He noted, however, that the highest temperature increase occurred beyond 

visible red light, in an uncolored region of the workbench. Herschel called the rays incident 

on this region ñcalorific raysò; they were invisible yet transmitted the highest amount of 

heat. With the use of a thermometer, he confirmed that these invisible rays refracted and 

reflected, as with visible light. With the first observation of these invisible rays came the 

need for a formal way of detecting their presence. The result of this was that many early IR 

technologies operated on the basis of temperature, a branch of detector technology called 

thermal detectors.  

In the year 1821, Thomas Seebeck discovered the thermoelectric effect and 

demonstrated the first thermocouple, allowing for a temperature difference in a conductive 

material to induce an electric potential. This effect is called the Seebeck effect and 

demonstrates a linear dependance of a generated voltage ɝὠ based on material properties 
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and the temperature difference ɝὝ Ὕ Ὕ  between the hot and cold sides of the 

material [1.3]. He further solidified the existence of the invisible IR rays observed by 

Herschel by analyzing heat distributions through prisms of varying materials [1.4]. The 

thermocouple was later refined into the more sensitive thermopile by Leopoldo Nobili in 

1829, and it was demonstrated to measure the IR radiation emanating from a person 25-30 

feet away, and showed that a caterpillar always emanated a higher temperature from its 

body than the butterfly that followed [1.5,1.6]. Initial astronomical measurements 

performed with thermocouple technology were performed in 1856 when Charles Piazzi 

Smythe detected IR radiation from the moon, leading to a more advanced thermopile-based 

detector being used in 1915 by William Coblentz of the U.S National Bureau of Standards 

to measure the IR radiation emanating from 110 distant stars [1.7]. In the year 1878, Samuel 

Langley developed the bolometer [1.8]. This device operated based on a temperature 

dependent resistance, whereas the thermocouple operated based on the thermoelectric 

effect, allowing for incident IR radiation to alter a materialôs temperature, allowing for 

measurable changes in its electrical properties. At the time, the bolometer advanced to be 

able to detect the heat emanating from a cow from a quarter of a mile away. These early IR 

detection technologies operated due to temperature differences and a materialôs thermal 

properties. In general, these thermal detectors have a slow response due to the requirement 

of a temperature change and do not offer any wavelength information or specificity from 

the emitting body [1.9].  

Another branch of detector technology called photon detectors was developed during 

the early 1900ôs with the first IR photoconductor developed in 1917 by Case [1.10]. Such 
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a photoconductor device functions based on photon absorption within the material, exciting 

electrons in the photoconductorôs crystal structure. As the wavelength of incident light 

being absorbed is dependent on the detectorôs material properties, wavelength specificity 

can be obtained in photon detectors. In 1933 Kutzscher found that the naturally occurring 

mineral galena, comprised of PbS, was a photoconductive material and had an absorption 

response up to about 3 ɛm in the IR region [1.11]. Eventually, such IR detectors utilizing 

PbS photoconductors were used for the first IR survey of the sky. The observations done at 

the Mount Wilson Observatory covered 75% of the sky and found upwards of 20,000 IR 

sources, including stars and other objects that were never seen before using visible light 

observations. Photon detectors are the branch of IR detector focused on in this thesis. 

1.2 Photodetector Operating Principles 

As mentioned, photon detectors are the primary branch of photodetector that will be 

discussed in this work. The most common example of a photodetector consists of a 

semiconductor containing a p-n junction, referred to as a photodiode, and this section 

covers the physics of the p-n junction and the origination of a bandgap. Photon detectors, 

as opposed to thermal detectors, can allow for wavelength specificity during detection. In 

brief, the semiconductor chosen allows for wavelength selection of the absorbed light based 

on the semiconductorôs bandgap energy Eg. If light is of sufficient energy, it will excite 

electrons across the bandgap and be absorbed. The p-n junction within a semiconductor is 

an abrupt junction in which the semiconductor transitions from being p-type doped to n-

type doped. A p-type dopant is a dopant with fewer valence electrons than the atoms making 
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up the semiconductorôs crystal structure and will induce a majority of holes, which are 

positively charged vacancies created by absent electrons that can travel through the material. 

The n-type dopant contains more valence electrons than the atoms making up the 

semiconductor and this induces an electron majority. The hole and electron majority sides 

meeting at the p-n junction will cause diffusion of majority carriers to the opposite side of 

the junction, forming the depletion region, and creating a built-in potential. This potential 

causes optically generated electron-hole pairs (EHPs) to be swept to their majority side and 

collected by metal contacts on the semiconductor device. Information in the following 

sections pertaining to semiconductor physics comes primarily from references [1.12-1.15].  

1.2.1 Crystal Structure and the Bandgap 

The primitive basis vectors Ἡ, Ἢ, and Ἣ can be used to describe the arrangement of 

atoms in a crystalline solid. Given some point in the solid, any other equivalent point in the 

crystal can be reached through a linear combination of the basis vectors, 

 ἠ ÍἩ ÎἪ ÐἫ (1.1) 

where m, n and p are integers. The set of vectors ἠ that are linear combinations of the basis 

vectors will define the crystal lattice sites of the solid. Some simple crystal lattice 

arrangements include the cubic, body-centered cubic, and face-centered cubic 

arrangements. These arrangements consist of a simple arrangement of atoms centered on 

the corner of repeated cubes, with the body-centered arrangement having one extra atom at 

the center of the cube, and the face-centered arrangement having an extra atom at the center 

of the cubes faces. These are shown in figure 1.1. 
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Figure 1.1 Atom arrangements for the a) cubic, b) body-centered cubic, and c) face-centered cubic 

lattice arrangements. 

 

More complicated crystal arrangements exist, such as the diamond and zincblende 

arrangements. The diamond arrangement is such that each atom is surrounded by 4 

equidistant neighboring atoms, with the neighboring atoms creating the corners of a 

tetrahedron. The zincblende arrangement is the same in terms of atom positions in the 

lattice; however, the 4 neighbors of the tetrahedral organization are a different atomic 

species. These lattice structures are taken on by important semiconductors such as Si with 

a diamond structure, and GaAs with a zincblende structure. All  III -V compounds crystallize 

in the zincblende arrangement in bulk with the exception of nitrides [1.16-1.18]. III -N 

compounds may also take on the wurtzite crystal structure, a closely related structure to 

zincblende which also takes on a tetrahedral organization of neighboring atomic species 

with a different atomic stacking arrangement.  

 The energy-momentum relationship of a crystalline solid, usually called the band 

structure, is determined by the materialôs crystal structure and the atomic species involved. 

╪
╫

╬

a b c
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The band structure is obtained by solving the Schrödinger equation for an electron 

experiencing a potential exerted on it by the atoms in the lattice. The Bloch theorem states 

that for the Schrödinger equation, 

 ᴐ

ςÍ
ᶯ 6Ἲ ה Ἲ ה% Ἲ 

(1.2) 

for a potential 6Ἲ with the periodicity of the crystal lattice, the solution will be of the 

form, 

ה  Ἲ ÅἳẗἺ5 ἳȟἺ (1.3) 

where 5  is periodic with the periodicity of the crystal lattice. From this it can be shown 

that the energy Ek is periodic in crystal momentum k. To understand the periodicity of the 

energy in the crystal structure it is useful to look at the reciprocal lattice. For a given set of 

basis vectors for the crystal lattice, the vectors, 

 
Ἡᶻ ςʌ 

Ἢ Ἣ

ἩẗἪ Ἣ
 Ƞ Ἢᶻ ςʌ 

Ἣ Ἡ

ἩẗἪ Ἣ
 Ƞ Ἣᶻ ςʌ 

Ἡ Ἢ

ἩẗἪ Ἣ
 

(1.4) 

define the reciprocal lattice basis vectors. The original basis vectors are referred to as direct 

basis vectors. The reciprocal vectors are perpendicular to the sets of planes formed by the 

direct basis vectors and are normalized to the direct latticeôs unit cell volume. Since Ek is 

periodic, we can use ἳ vectors in the primitive unit cell of the reciprocal lattice, called the 

Brillouin zone. Any vector beyond the Brillouin zone can be written as a vector within it 

due to the periodicity of the crystal lattice. Various numerical methods have been used to 

solve the band structure of different semiconductor materials. The band structures of Ge 
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and InSb are presented in [1.19], with a basic representation of a band structure shown in 

figure 1.2.  

 

Figure 1.2 Schematic diagram of a simplified electronic band structure demonstrating the presence 

of a bandgap. 

 

In figure 1.2, the horizontal axis denotes the k vector and points of symmetry within 

the Brillouin zone. There is a gap separating the maximum of the lower energy bands (the 

valence band) and the valley of the upper energy bands (the conduction band). This energy 

separation is the bandgap, Eg. The bandgap varies in size depending on the semiconductor, 

ranging from very narrow bandgap semiconductors such as InAsSb alloys (0.08-0.35 eV 

@ 300 K) and InSb (0.17 eV @ 300 K) to larger bandgaps such as GaAs (1.43 @ 302 K) 

[1.20, 1.21]. InSb and InAsSb alloys having a narrow bandgap makes them a semiconductor 

Eg

E

k
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material capable of acting in the infrared regime. The bandgap is also temperature 

dependent with the dependency given by the Varshni equation [1.22], 

 
% 4 % π

ɻ4

4 ɼ
 

(1.5) 

where ɻ and ɼ are material parameters. In general, Eg decreases with increasing T. 

1.2.2 The p-n Junction 

In an intrinsic semiconductor, a semiconductor with no external doping, the number 

of occupied levels in the conduction band is given by, 

 
Î .%&%Ä%  

(1.6) 

where Ec is the energy at the bottom of the conduction band (coinciding with Eg), Emax is 

the energy at maximum of the conduction band, N(E) is the density of states, and F(E) is 

the Fermi-Dirac distribution. The density of states N(E) is defined as, 

 
.%

ÄÎ%

Ä%
 

(1.7) 

and will yield information on the number of electrons per material volume n(E) situated at 

certain energy ranges dE. The Fermi-Dirac distribution F(E) is given as, 

 
&%

ρ

ρ ÅØÐ
% %
Ë4

 
(1.8) 

and gives us the probability of occupancy of an energy level. The Fermi energy Ef is the 

energy at which the probability of occupancy is 0.5, and for an intrinsic semiconductor it 
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falls near half the value of the bandgap energy. It can be found that the resulting expression 

for the number of electrons in the conduction band in equilibrium conditions becomes, 

 

Î ς
ςʌÍᶻË4

È
ÅØÐ

% %

Ë4
.ÅØÐ

% %

Ë4
 

(1.9) 

where me
* is the electron effective mass, and the subscript on n indicates equilibrium 

conditions. Similarly for holes in the valence band, we find that, 

 

Ð ς
ςʌÍᶻË4

È
ÅØÐ

% %

Ë4
.ÅØÐ

% %

Ë4
 

(1.10) 

where mh
* is the hole effective mass. The intrinsic carrier concentration of the 

semiconductor is found as, 

 
Î Ð ÎÐ ..ÅØÐ

%

Ë4
   

(1.11) 

To form a p-n junction and create a photodiode for detector applications, the 

semiconductors are doped with donor and acceptor atoms. Donor atoms (n-dopants) are 

atoms with more valence electrons than those making up the semiconductor and will 

contribute excess electrons to the crystal lattice making the semiconductor n-type. Acceptor 

atoms (p-dopants) have fewer valence electrons than those making up the semiconductor 

and will remove electrons from the crystal lattice, creating positively charged vacancies 

called holes and make the semiconductor p-type. If we assume that ambient temperature is 

enough to ionize most donor or acceptor atoms, and that the dopant concentration is much 

higher than the intrinsic carrier concentration, we can say for an n-doped semiconductor 



M.A.Sc. Thesis ï Curtis Goosney  McMaster University ï Engineering Physics 

10 
 

that Î .  where Nd is the number of donor atoms. Similarly for a p-doped 

semiconductor, Ð .  where Na is the number of acceptor atoms. So, we find that, 

n-type material: 
Ð

Î

.
 

(1.12) 

p-type material: 
Î

Î

.
 

(1.13) 

Considering some semiconductor material, the Fermi energy level depends on the 

doping. In an n-type semiconductor, donor atoms will introduce excess electrons and 

electrons will be the majority charge carrier. In a p-type semiconductor, acceptor atoms 

will introduce excess holes and holes will be the majority charge carrier. In an n-type 

material, the Fermi energy level will shift to be closer to the conduction band, and in a p-

type material the Fermi energy level will shift to be closer to the valence band. When an 

abrupt p-n junction is introduced in a semiconductor material, the diffusion and drift of 

charge carriers will  occur. The diffusion of charge carriers occurs due to the introduced 

concentration gradient causing majority charge carriers to diffuse across the junction and 

become minority carriers. The drift of charge carriers occurs due to a potential difference 

created at the junction by the diffusing charge carriers, called the built-in potential. The 

current density of electrons experiencing drift and diffusion is given by, 

 
*Ø *ȟ *ȟ ÑʈÎʀ Ñ$

ÄÎ

ÄØ
 

(1.14) 

with an analogous expression for holes. q is the fundamental charge of the electron, ʈ is the 

carrier mobility, ʀ is the electric field, and Dn is a constant of proportionality describing the 

flux of electrons diffusing due to a concentration gradient . For a p-n junction in 
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equilibrium, the drift and diffusion currents will cancel one another. The built-in potential 

across the p-n junction is given by, 

 
6

Ë4

Ñ
ÌÎ
..

Î
 

(1.15) 

The built-in potential is dependent on the donor and acceptor concentrations on the n and 

p sides of the junction, respectively. The increase of charge carriers will result in more 

carriers capable of diffusing across the p-n junction, leading to a higher potential difference 

between them. The diffusion of charge carriers across the p-n junction into a side where 

they are a minority carrier introduces the possibility of recombination. If a charge carrier 

has some lifetime ʐ before recombination can occur, on average only a certain distance can 

be traveled into the region where it is a minority carrier before electron relaxation occurs 

and the EHPs recombine.  

The width of the depletion region is given by, 

 

×
ς6צצ

Ñ

ρ

.

ρ

.
 

(1.16) 

where צ is the permittivity of free space and צ is the relative permittivity of the 

semiconductor. As with the built-in potential V0, the depletion region width w0 is dependent 

on acceptor and donor concentrations. These parameters are presented schematically in 

figure 1.3. 
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Figure 1.3 Schematic representation of an abrupt p-n junction depicting the diffusion of charge 

carriers, the built-in potential V0, the depletion region width w0, the bandgap energy Eg, and the 

Fermi level energy Ef. 

 

1.2.3 Photodetector Operation 

In the previous sections, the basic physics of an abrupt p-n junction was discussed. 

The origination of some key parameters such as the bandgap energy Eg, the depletion region 

width w0, and the built-in potential V0 were mentioned. For some given semiconductor of 

a bandgap energy Eg, light incident on the semiconductor will be absorbed if the energy of 

the incident photon is greater than that of the bandgap energy. Electrons in the valence band 

are excited to the conduction band, leaving behind a hole in the valence band, and an EHP 

is optically generated. InAsSb alloys and InSb having a narrow bandgap energy 

corresponds to long wavelength absorption in the infrared region. InAsSb alloys can have 

a tunable absorption wavelength from 3.5 ɛm at InAs, 7.1 ɛm at InSb, and 14.7 ɛm at the 

composition InAs0.36Sb0.64. If EHPs are generated outside the depletion region, the minority 
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carrier will have a high probability of recombination before it can cross the junction where 

it is a majority carrier. Due to this, EHP generation in the depletion region is favorable. If 

an EHP is generated in the depletion region, it will have the shortest possible distance to 

travel to reach its majority carrier side, and it will be experiencing the strong built-in 

potential V0 that will sweep the carriers to their majority side of the junction. This reduces 

the probability for recombination to occur and improves the efficiency of the device. This 

operating principle is presented schematically in figure 1.4. 

 

Figure 1.4 Schematic representation of the general operating principle of a photodiode detector. 

Incident illumination of an energy sufficient to excite electrons across the bandgap generates EHPs 

in the depletion region. 

 

Reducing the probability of unwanted recombination is of upmost importance for 

device function. To further assist in charge carrier collection, the p-n junction can be biased, 

removing equilibrium conditions, and allowing a net current to flow. If light is incident on 

the photodiode, this current flow is dominated by optically generated current under reverse 

p-type

n-type

E=hʉ Eg
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bias (negative applied voltage). When an external voltage V is applied across the p-n 

junction, the depletion region width is altered as follows, 

 

×
ς6צצ ὠ

Ñ

ρ

.

ρ

.
 

(1.17) 

It can be seen that the external voltage acts to decrease the built-in potential if it is positive, 

i.e., the photodiode is forward biased. A small forward bias is the regime that solar cells 

operate under to generate power. This forward bias results in a decrease of depletion region 

width and causes a net current flow through the photodiode. If the photodiode is reverse 

biased, the applied voltage acts to increase the built-in potential and increases the width of 

the depletion region. Photodetectors operate under a reverse bias. Under the reverse bias 

condition, the optically generated current can be effectively collected and discerned from 

the overall current flow as the increased V0 and w0 allow for photogenerated EHPs to be 

more readily collected; however, power is consumed to do so, rather than being produced 

with the solar cellôs forward bias operation. The overall current flow through a biased 

photodiode is given by the diode equation as follows, 

 
) Ñ!

$

,
Î

$

,
Ð ÅØÐ

Ñ6

Ë4
ρ 

(1.18) 

where the term, 

 
) Ñ!

$

,
Î

$

,
Ð  

(1.19) 

is the reverse saturation current under reverse bias. This reverse saturation current is 

diffusion dominated. Under illumination, the photogenerated current dominates over the 
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reverse saturation current in the reverse bias, and shifts the measured current-voltage 

characteristic downwards proportionally to the photogenerated current, resulting in a final 

diode equation under illumination, 

 
) ) ÅØÐ

Ñ6

Ë4
ρ ) 

(1.20) 

 where IL is the photocurrent. These biasing situations and their corresponding energy band 

diagrams are shown in figure 1.5. 

 

Figure 1.5 Schematic representation of an abrupt p-n junction between p-type and n-type 

semiconductors with an applied a) forward bias, and b) reverse bias. 
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1.3 Modern Infrared Photodetector Technology 

1.3.1 Hg1-xCdxTe (MCT) 

In the mid-20th century, Lawson et al. [1.23] reported on the physical properties of 

the Hg1-xCdxTe (MCT) material system. This material provided an incredible avenue for 

the development of IR detector technology, and MCT detector technology still proves to 

be the most popular to date [1.24]. The initial selling point for MCT as a material suitable 

for IR applications is the ability to tune the bandgap of the material over such a wide range. 

The bandgap of the MCT material system at room temperature can be tuned from a 

semimetal with Eg=-0.14 eV at HgTe (x = 0), crossing Eg = 0 at x  0.15, and increasing 

to 1.49 eV at CdTe (x = 1). The bandgap as a function of x and T can be given by the 

following equation [1.25], 

 % Øȟ4 πȢσπςρȢωσØπȢψρØ πȢψσςØ

υȢσυρπ ρ ςØ4 

(1.21) 

This bandgap range corresponds to an absorption wavelength range that is capable of 

spanning 1 ɛm to 30 ɛm, covering the short-wavelength IR (SWIR) to very long-

wavelength IR (VLWIR) regions of the IR spectrum. The MCT material system also has a 

high electron mobility ʈ. As mentioned in Eq. (1.14), the carrier mobility is a measure of 

either an electron or hole to effectively move through the crystal lattice under the influence 

of an electric field. Scattering mechanisms within the crystal lattice limit the mobility, and 

the mobility tends to dominate in the electrical conductivity of the material. The electron 

mobility of MCT at 300 K with x = 0.18-0.25, which corresponds to an absorption 
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wavelength range ʇ  of 5.9 ɛm to 6.9 ɛm in the mid-wavelength IR region (MWIR), can 

be described by the following equation [1.26], 

 ʈ ρπψȢχυτØρȢπττ (1.22) 

in units of ÃÍ6 Ó . At the composition Hg0.806Cd0.194Te, corresponding to %

πȢρτυ Å6 and ʇ ψȢυ ʈÍ, the electron mobility is ʈ ρȢυ ρπ ÃÍ6 Ó . Hole 

mobilities ‘ range from 40 to 80 cm2V-1s-1 at room temperature, with minimal temperature 

dependance, multiple orders of magnitude lower than ʈ. MCT also has the benefit of being 

highly lattice matched to its usual CdZnTe substrate across the entirety of its IR tunability 

range [1.7,1.9]. The difference in lattice parameter between CdTe and Hg0.8Cd0.2Te is 

approximately 0.2%, allowing for MCT to successfully use the same substrate for varying 

compositions, and allowing for stacking layers of different compositions for multispectral 

applications. 

Although MCT has ideal parameters for IR photodetection, attempts have been 

made to address some prominent shortcomings. Weak Hg-Te bonds lead to bulk, surface, 

and interface instabilities, with bulk MCT uniformity and yield being an issue. Another 

issue is the lattice matched CdZnTe substrate. Integration with silicon readout integrated 

circuits (ROIC) is difficult due to a difference in thermal expansion coefficients between 

CdZnTe and Si. CdZnTe is also limited in its size, with a 7x7 cm2 substrate being the largest 

commercially available, limiting the size of MCT based IR focal plane arrays (FPAs). 

These 7x7 cm2 substrates cost upwards of $10,000, compared to the $100 6-inch diameter 

Si substrates available, making the cost of MCT device fabrication very high [1.27]. 
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1.3.2 Alternative IR Materials to MCT 

1 ï In xGa1-xAs 

 InGaAs photodetectors are well established with applications in the near IR (NIR) 

wavelength range [1.9]. InGaAs photodetectors for use in the wavelength range of 1-1.7 

ɛm are used for communication systems, low light night vision, remote sensing, range 

finding, and process control [1.28]. The lower dark current and noise of InGaAs compared 

to Ge makes it an effective material system for NIR applications. High quality photodiodes 

have been grown by metalorganic chemical vapor deposition (MOCVD) with performance 

comparable to MCT photodiodes in the NIR region [1.29]. 

2 ï InAs1-xSbx  

 InSb has the narrowest bandgap of 0.17 eV at 300 K of non-ternary alloy III-V 

semiconductors corresponding to ʇ χȢρ ʈÍ, and the highest electron mobility of 

80,000 cm2 V-1 s-1 of relevant IR materials [1.7]. These properties alone make it a promising 

alternative to MCT for IR applications. Large diameter, high quality bulk InSb substrates 

are available, with InSb detectors used for ground-based IR astronomy. Cryogenically 

cooled InSb and MCT detectors have comparable array size in the MWIR region, but the 

wide range wavelength tunability of MCT still makes it more popular [1.30-1.33]. 

Wavelength tunability is achievable by alloying InSb with InAs to form InAs1-xSbx ternary 

compounds. The large bowing parameter of InAs and InSb alloys allows for the bandgap 

to reach as low as 0.08 eV at 300 K, corresponding to ʇ ρυ ʈÍ in the LWIR region 

[1.20]. 
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3 ï GaAs/AlGaAs Quantum Well IR Photodetectors (QWIP) 

In terms of QWIP technology, the GaAs/AlGaAs multiple quantum-well detector is the 

most mature [1.7, 1.9]. Large FPAs in the LWIR imaging region, comparable to high 

quality MCT detectors, are being fabricated [1.34-1.36]. GaAs/AlGaAs QWIPs rely on 

bandgap engineering and creating a repeating layered structure of alternating materials with 

different bandgaps. Electron accumulation in the quantum wells created by the alternating 

bandgap differences result in the formation of sub-bands and the possibility of electron 

excitation to the sub-bands from within the quantum wells formed by the repeated quantum 

well structure. For operation in the 7-11 ɛm range, Si doped (Nd  1018 cm-3) 40 Å thick 

GaAs is sandwiched between 500 Å thick barrier layers comprised of AlxGa1-xAs in the x 

= 0.25 ï 0.3 range. This quantum well structure is repeated 50 times to produce the sub-

band structure, with the ability to push further into the LWIR by decreasing the aluminum 

content x to 0.15 and increasing the GaAs thickness to 60 Å. GaAs/AlGaAs QWIPs have 

the advantage of being based on well-known GaAs growth and processing technology, with 

the use of uniform and controlled molecular beam epitaxy (MBE) growths on > 6-in GaAs 

wafers with high yield and low cost. However, due to these benefits, the sub-band transition 

results in low excitation lifetimes and poor performance at temperatures > 50 K. For n-type 

QWIPs, the optical absorption is proportional to the incident waveôs polarization 

component normal to the QW, meaning that photons at a normal incidence will not be 

absorbed. To ensure adequate absorption to compensate for these mentioned issues, the 

QW layers can be coupled with a diffraction grating or highly reflective surface to ensure 

non-normal incidence, as well as etching QW structures into pyramidal light trapping 
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structures. The bandgap versus composition for various material systems is shown in figure 

1.6 [1.20]. 

 

Figure 1.6 Bandgap tuning of InxGa1-xAs, Hg1-xCdxTe, and InAs1-xSbx, by altering material 

composition. 
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4 ï III -V Nanowire Arrays 

Nanowire (NW) array photodetectors made of III-V materials have been fabricated 

and have demonstrated optical absorption in the visible to MWIR regions [1.37]. NWs are 

thin cylindrical nanoscale structures with lengths on the order of microns and widths 

ranging from tens to hundreds of nanometers. NWs are typically grown by the vapor-liquid-

solid (VLS) growth method utilizing molecular beam epitaxy (MBE) or metalorganic vapor 

phase epitaxy (MOVPE). A foreign species seed particle such as Au can be used to initiate 

NW growth from a substrate, but growth without such a particle is possible through self-

assisted NW growth. If growing on Si, a SiOx mask can be formed and patterned with 

lithography techniques and etching to layout arrays of circular apertures in the oxide mask 

with varying diameters and pitches. Impinging group III material will coalesce in the holes 

of the mask, with the diameter and pitch of the open circles determining the diameter and 

the pitch of the growing NW array. The oxide mask prevents thin film or NW growth in 

unwanted regions. An alternative method to nanowire fabrication is top-down etching from 

a thin film or substrate, which was the method employed in this thesis.   

The resulting NWs yield unique optical properties, and unlike other IR materials 

that have a large lattice mismatch with Si, the small growth area of the NW allows for 

lattice strain relaxation allowing for prominent IR III-V materials to be grown on cheaper 

Si substrates with minimal defects [1.38-1.41]. The growth process of the NWs allows for 

the formation of core-shell structures, in which varying compounds or doping levels are 

manipulated radially as opposed to along the length of the NW itself, allowing for unique 

p-n junction and carrier transport paths as shown in figure 1.7. Simulations of GaAs, InP, 
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and InAs NW arrays [1.42], and InSb NW arrays [1.43] demonstrated that manipulation of 

NW geometry can allow for tunability of peak absorption wavelength. In the IR region, 

InSb NW simulations demonstrated wavelength tunability from about 1 ï 6.5 ɛm by 

altering NW diameter. InAsSb core-shell NWs in the diameter range of 440 ï 520 nm were 

grown by catalyst-free selective-area growth with a SiOx mask on Si (111) substrates via 

MBE and demonstrated diameter dependent absorption wavelength tuning from about 2-

2.5 ɛm [1.44]. One of the first III-V NW array detectors grown was InAs on Si, 

demonstrating absorption in the 0.5-1 ɛm range [1.45]. InAs NWs on Si has also been 

demonstrated in the 1.4-3.3 ɛm range [1.46], InP NWs on InP in the 477-1240 nm range 

[1.47], InN NWs on Si in the 635-1550 nm range [1.48], InAsSb NWs on InAs in the 3-6 

ɛm range exhibiting NW diameter dependent photocurrent [1.49], and InAsSb NWs on Si 

in the 1.5-4 ɛm range [1.50]. Such NW array devices have demonstrated optical absorption 

in the UV (with ZnO), visible, NIR, SWIR, and MWIR regions, with the possibility of 

extending absorption into the LWIR region being evident due to the ability to tune the 

bandgap of InAsSb into the LWIR region, with NW diameter dependent absorption 

allowing for absorption specificity and multispectral capabilities. 
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Figure 1.7 Schematic representation of two NW p-i-n junction constructions, layered axially along 

the NW length, and a core-shell structure forming a radial p-i-n structure. 

 

1.3.3 Optical Properties of Nanowires (NWs) 

It has been demonstrated through simulation and experiment that tuning of the 

absorption wavelength in NW arrays is possible due to manipulation of NW diameter and 

pitch. Absorption in NWs is caused primarily by three optical effects:  

- Radial mode resonances arise due to the cylindrical symmetry of the NW, 

allowing for light of specific wavelengths to couple into these resonant modes. This 

leads to enhanced absorption at a specific wavelength by the NW material, which 

is a NW diameter-based phenomena. This phenomenon is the most prominent of 

the effects and leads to enhanced absorption in a material beyond that of a thin film 

of the same material [1.42-1.44, 1.51]. 
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- Evanescent mode coupling occurs through nearby NWs in an ordered array and is 

dependent on NW pitch. A portion of the confined radial modes propagating in the 

NW is lost and energy decreases radially away from a given NW. This evanescent 

wave propagation can overlap between adjacent NWs leading to increases in 

absorption of the array overall, depending on NW pitch. If the array is too spread 

out (large pitch), evanescent coupling is insignificant, lowering overall absorption. 

If the array is too dense (small pitch), the NW array approaches a thin film of the 

given NW material, eliminating enhanced absorption through diameter 

dependances, and enhancing reflection off the NW top surfaces. A diameter/pitch 

ratio of between 1/3 ï 2/3 was found to be optimal [1.42]. 

- Fabry-Perot mode resonances occur within the NW along its length. These 

resonances have minimal effect on NWs of length greater than 500 nm, and are not 

as significant on NW absorption as the two other mentioned phenomena [1.42, 1.43]. 

The radial mode resonances arise due to the behavior of the incident electric field 

in the cylindrically symmetric NW structure [1.51]. Incident light couples more effectively 

with the hybrid HE1n family of modes due to the electric field profile within the NW 

overlapping with that of an incident plane wave. Through Maxwellôs equations in 

cylindrical coordinates, the solution for the transverse component of the electric field in a 

cylindrical NW is given by, 

 %ʍ ! * ʍ4 " . ʍ4 (1.23) 

where Am and Bm are constants that are determined through boundary conditions, T is a 

constant relating to the wavenumber in the NW, Jm is the Bessel function, and Nm is the 
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Neumann function. Since the Neumann function is not defined at ʍ π it must be the case 

that Bm = 0. If we focus our attention to the radius ” Ὑ (the radius of the NW) with no 

field outside the NW, 

 %2 * 24 π (1.24) 

If we approximate the Bessel function as a sine wave, we require that RT = nˊ for Eq. (1.24) 

to hold true. This results in, 

 
ʇ

2ÅÎ$

Î
 

(1.25) 

where Î is the complex index of refraction of the mode, and D is the diameter of the NW. 

There is a clear NW diameter dependence on the resonant absorption wavelength coupling 

with the HE1n mode of the NW. This resonant coupling produces a sharp absorption peak 

at the coupling wavelength with absorption higher than that of a thin film made of the same 

material. With increasing NW diameter, there will be a red-shift of the sharp resonant 

absorption peak, allowing for absorption wavelength tuning through manipulation of NW 

geometry as opposed to bandgap engineering. Higher order HE1n modes for n > 1 will cause 

additional resonant absorption peaks; however, these peaks do not produce as strong of an 

absorption effect as the HE11 guided modes. Coupling of incident light into the HE1n modes 

allows for optical absorption over an area larger than the NW surface area. 

1.4 Thesis Goal and Outline 

 The focus of this work is on narrow bandgap III-V materials and their application 

in the MWIR and LWIR regions. InSb and InAsSb alloy thin films were grown by MBE 
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on Si and fabricated through a top-down etching method into large diameter NWs (called 

pillars) to demonstrate the ability for MWIR and LWIR multispectral absorption with 

diameter dependent absorption. Chapter 2 focuses on the primary experimental and 

characterization techniques used for this work. MBE and reactive ion etching (RIE) are 

discussed as they are key to the fabrication of large diameter pillars, with thin film quality 

characterization through SEM, EDS, Hall effect measurements, and XRD, and pillar 

characterization through SEM and FTIR. Chapter 3 discusses results pertaining to initial 

InSb pillars acting in the SWIR and MWIR regions, and chapter 4 discusses InAsSb pillars 

to allow for absorption into the LWIR region. Chapter 5 discusses work on InSb p-i-n 

structure thin film devices for photoconductor and photovoltaic operation. Chapter 6 

discusses etching of single pillar structures, and chapter 7 concludes, summarizing the key 

findings of this work, and potential prospects moving forwards beyond these results. 
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Chapter 2 ï Experimental Methods and 

Characterization Techniques 

 

2.1 Characterization Methods 

2.1.1  Scanning Electron Microscopy 

Due to the diffraction of light for some given wavelength, eventually a scale can be 

reached where two small structures or features in the object cannot be resolved in the image 

with a visible light microscope. Resolution can be described by Abbeôs equation as follows: 

 
Ä
πȢφρςʇ

.!
 

(2.1) 

where ‗ is the wavelength of light being used for imaging, d is the distance between 

features, and NA is the numerical aperture of the focusing lens [2.1]. For visible light and 

using an ideal NA of 1, the minimum resolvable distance is roughly 250-300 nm, about 

half of the wavelength of light at the shorter end of the visible spectrum. Thus, for taking 

high resolution images of nano- and micro-scale structures, an alternative method is 

required. Scanning electron microscopy (SEM) allows us to surpass this diffraction-limited 

resolution of visible light by utilizing a beam of electrons rather than a beam of light for 

sample imaging. An electron beam is generated and ñlensesò utilizing electromagnetic 

fields focus the beam onto a region of the sample. A key parameter in SEM is the 

accelerating voltage, determining the momentum of the incident electrons on the sample. 

A lower accelerating voltage (1-5 kV) will prevent electrons from penetrating the sample 

as deeply, resulting in imaging of the sample surface. A higher accelerating voltage (5-15 
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kV) is used for energy dispersive x-ray spectroscopy (EDS) to generate characteristic x-

rays for composition analysis. Figure 2.1 schematically depicts a volume of a sample with 

an incident electron beam.  

 

Figure 2.1 Schematic depicting the interaction volume that a beam of incident electrons creates 

with a sample under investigation, and the relative positions of detectable emissions used for 

imaging. 

 

The incident electron beam consists of primary (1º) electrons. The incident electron 

beam can remove core electrons of the atoms making up the sample near the surface. An 

electron from a higher energy level can fill the newly made vacancy, emitting energy in the 

process. This energy can remove an additional electron from a higher energy level, called 

an Auger electron. Auger electrons are produced in the first 10ôs of Angstroms in the 

electron interaction volume with the sample. Typically, SEM images are produced as a 

result of secondary (2Ü) electrons. These are generated in the first 10ôs of nanometers of the 

interaction volume, and are the result of low energy loosely bound electrons in the sample 
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being ionized directly and collected by the detector. Since these are low energy electrons, 

2º electrons are easily collected by a detector with an applied bias across the detector. 

Backscattered electrons occur deeper in the sample and are the result of the 1º electrons 

scattering off atomic nuclei. Since this interaction is dependent on the nuclei size, 

backscattered electrons can depict strong contrast if two materials of largely differing 

atomic number are present. The generation of characteristic X-rays occurs when an inner 

shell electron is removed by the 1º electron beam and the vacancy is filled by an electron 

from a higher-level shell. Different to Auger electrons, however, the energy is emitted as 

an X-ray emission characteristic to that atomic species, as opposed to the energy going 

towards the ejection of an additional electron. These X-rays can be collected and can yield 

material composition information, and are the basis of using an SEM system to perform 

EDS analysis. 2º electrons from sample surface imaging and characteristic X-ray generation 

for EDS are the key processes used in this thesis for sample analysis. 

 The JEOL 7000 and FEI Magellan 400 SEM systems were used extensively for this 

thesis. The JEOL 7000 SEM was used for early InSb growths to observe thin film 

uniformity, as well as to image finished InSb pillars, and the intermediate top-down 

fabrication steps. The accelerating voltage used was typically 5 kV, with a working distance 

of about 15 mm. The images were taken to confirm fabrication success of initial thin film 

growths under varying substrate temperature conditions, and the presence of nanoscale 

structures after reactive ion etching (RIE) and during the intermediate step of Ti mask 

creation. The Magellan was used later due to its higher resolution, with sub-nanometer 

resolution being available. This allowed for higher resolution imaging of surface textures 
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on the completed samples providing insights on surface damage due to etching, and higher 

resolution images of single nanowires/pillars. To allow for these higher resolution images, 

a comparable accelerating voltage of about 5 kV was typically used, but with a much 

smaller working distance of 2-3 mm.  Both the JEOL 7000 and the Magellan have EDS 

capabilities; however, the Magellan was the primary microscope used for EDS 

measurements. This was done to determine the composition of grown InAsSb thin films to 

determine the bandgap of the alloy grown. A background measurement using copper on the 

sample holder was done to ensure adequate signal was being collected. An accelerating 

voltage was chosen that is sufficient to excite inner shell atoms such that characteristic X-

rays are emitted; for the case of InAsSb this is around 15 kV to obtain the 10.53 keV 

emission from the KŬ line of As. This accelerating voltage is also sufficient to obtain 

emissions from the LŬ lines of In and Sb at 3.286 keV and 3.604 keV, respectively. 

Analysis of the characteristic X-rays yields detailed compositional analysis of the imaged 

region allowing for bandgap determination once the composition of InAsSb was obtained. 

EDS was also performed on a focused ion beam (FIB) etched InAsSb sample to observe if 

Ga ions used in the etch were deposited into the surface of the sample. 

2.1.2 X-ray Diffraction 

X-ray diffraction (XRD) was performed to better understand InSb and InAsSb thin 

film growth quality prior to processing into the desired nanostructures. XRD allows for 

obtaining crystal lattice information from the diffraction of incident X-rays due to 

interactions with the atomic planes of a compound [2.2]. X-ray wavelengths used in XRD 

experiments are in the region of 1 Å, comparable to the spacings between atoms in a crystal 
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lattice, allowing for incident X-rays to be scattered off the atomic planes. The path of 

scattered X-rays is dependent on the atomic species involved in the lattice, as well as the 

atomic arrangement of the solid, allowing for a uniquely determined diffraction pattern. 

The simplest way to understand X-ray diffraction by a crystalline solid is with Braggôs law: 

 Îʇ ςÄÓÉÎʃ  (2.2) 

where d is the spacing between a family ộÉËÌỚ of atomic planes, ʃ is the angle of incidence 

of incoming X-rays, and ʇ is the X-ray wavelength. 

 

Figure 2.2 Depiction of Bragg's law, outlining the condition for constructive interference between 

incident X-rays reflecting off atomic planes. 

 

The crystal lattice of a given material will take on an arrangement with an 

interatomic spacing d. Atomic plane families are denoted by ộÉËÌỚ and incident X-rays, 

having a wavelength on the order of the atomic spacing and atomic nuclei sizes, will diffract 

providing unique information regarding crystal orientation and composition. Figure 2.2 

shows an incident X-ray of some wavelength ɚ scattering off the first and second planes 

with a difference in path length equivalent to ςÄÓÉÎʃ (the orange segment). To ensure 
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constructive interference of the diffracting X-rays, this value must be equal to a multiple of 

the incident wavelength, leading to the result of equation (2.2). 

 XRD was performed with a Bruker D8 DISCOVER diffractometer. The X-ray 

sources used were a Co sealed tube emitting at a wavelength of ʇ ρȢχωπςφ ᴠ operating 

with a Vantec 500 area detector, and a Rigaku RU200 Cu anode source emitting at a 

wavelength of ʇ ρȢυτπυφ ᴠ operating with a SMART6000 detector. Phase analysis and 

texture analysis were performed on InSb and InAsSb thin films. Phase analysis, where the 

phase in question is a materialôs composition and crystal structure, is performed to identify 

unknown materials and yields information on the crystal lattice of a crystalline material. 

Texture analysis focuses on orientation distributions of polycrystalline samples. 

Understanding the distribution of crystallites in a polycrystalline sample can allow for the 

polycrystallinity to be controlled in future studies by observing overall trends of an 

increasing composition of a desired orientation. 

2.1.3 Fourier-transform Infrared Spectroscopy 

Fourier-transform IR spectroscopy (FTIR) was an invaluable tool for analysis of IR 

absorption. FTIR was primarily used on InSb and InAsSb thin films and pillar arrays to 

compare their absorptance and to observe the enhanced resonant absorption peaks caused 

by the pillar geometry in the MWIR and LWIR regions. FTIR was also performed on 

substrates to ensure IR transparency. FTIR operation begins with the formation of an 

interferogram from an IR source, allowing for high resolution wavelength scanning without 

the use of a diffraction grating [2.3, 2.4]. The IR light is split into two beams each taking 
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its own path, one path towards a stationary mirror and the other path towards a mirror that 

is allowed to move, allowing for altering the total path distance d travelled by the IR light 

in that path. The phase difference ה introduced for light of some wavelength ʇ entering the 

interferometer will be given by, 

 
ה

ςʌ

ʇ
Ä 

(2.3) 

It can be seen that the phase difference changes depending on the mirrors motion affecting 

the path difference d, and is dependent on the wavelength of light. When the path difference 

is an integer multiple of ʇ the beams meeting back up at the beam-splitting mirror will 

overlap such that they constructively interfere. If d is a half integer multiple of ʇ, they will 

destructively interfere. Since this is dependent on ʇ itself, this introduces the ability to 

discern spectral information from the broad IR source without a diffraction grating. Each 

wavelength of light in the broad source will undergo this constructive and destructive 

interference process, and each wavelength will overlap once completing the paths in the 

interferometer arms yielding the interferogram. This modulated IR light is then free to 

proceed towards the sample for reflectance (R) and transmittance (T) measurements. 

Losses in the incident IR light will occur from the sample of interest, and this will affect 

the interferogram. The interferogram, being a collection of overlapping wavelengths 

interfering, can be decomposed into its individual components through a Fourier transform, 

yielding information regarding the reflectance and transmittance of the incident light in 

terms of individual wavelengths. The final data is typically displayed in terms of 

wavenumber with units cm-1. The absorptance (A) of the material can then be found by 
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 ὃ ρ Ὑ Ὕ (2.4) 

 The Bruker Vertex 70/80v FTIR system was used for this thesis. The system has a 

sample compartment for bulk sample use; however, in order to focus on specific sample 

regions of interest, the system was used in conjunction with the Hyperion 3000 microscope. 

The interferogram is produced in the Vertex unit from an IR source, and then is taken to 

the microscope through a series of mirrors. The microscope can operate in reflectance or 

transmittance modes, and scans from 8000-600 cm-1, corresponding to roughly 1.25-17 ɛm. 

Once the IR light enters the Hyperion it can be reflected through a series of mirrors 

downwards or upwards for transmittance and reflectance measurements, respectively. If 

reflected downwards for transmittance measurements, it is incident upon the rear of the 

sample, focused by a condenser. If reflected upwards for reflectance measurements it is 

incident upon the top of the sample, and is focused by a 15x objective lens. Reflected and 

transmitted light is collected by the objective lens and is then reflected to a liquid nitrogen 

cooled MCT detector. A knife edge hard aperture can be used to limit illumination to 

specific regions on the sample surface. A visible light source is used in conjunction with a 

live-feed camera to locate the point of interest on the sample, as well as to focus on a gold 

film on the sample stage for reflectance reference measurements, and through the opening 

on the sample stage for transmittance measurements. A depiction of the FTIR setup used is 

presented in figure 2.3. 
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Figure 2.3 Schematic layout of the Vertex 70/80v and Hyperion 3000 microscope setup used for 

FTIR measurements. Beam paths in the Hyperion are labeled with R and T for reflectance and 

transmittance, respectively. The interferometer in the Vertex is highlighted. The mirror arrangement 

is simplified. 
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2.1.4 The Hall Effect 

Hall effect measurements were performed on InAsSb thin films grown on insulating 

Si (100) substrates to determine doping levels and the type of majority charge carrier to 

confirm doped MBE growths. During Hall effect measurements, 4 probes are placed on the 

sample of interest [2.5]. A voltage V is applied across the sample from 2 probes driving the 

motion of charge carriers in the semiconductor. When a magnetic field is introduced 

perpendicular to the sample surface, the moving charge carriers will experience a force 

moving them to one side of the device. The separation of charge carriers by the magnetic 

field then causes a voltage, called the Hall voltage VHall, to be induced in a direction 

transverse to the initial applied voltage and charge carrier flow. This Hall voltage is 

measured by 2 probes and can yield information regarding carrier concentration and 

mobility. The insulating Si substrates are used to ensure current flow is through the thin 

film growth itself and that the Si substrate is not offering an alternative conduction pathway. 

A schematic demonstrating a Hall effect measurement is shown in figure 2.4. 

 

Figure 2.4. Schematic demonstrating probe arrangement for a Hall effect measurement. 
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2.2 Top-down Pillar Fabrication Method 

As mentioned in chapter 1, NWs can be grown by the VLS method using an MBE 

system. This method of NW growth is diffusion-driven with surface kinetics of adatoms of 

relevant atomic species forming NW structures epitaxially from the substrate. Since this 

growth is diffusion-driven, length-wise axial NW growth is competing with radial NW 

growth, resulting in difficulty in achieving larger diameter NW structures. It can be seen 

from equation (1.25) that ʇ ᶿ$, and thus larger diameter NWs are required for 

absorption in the IR region. Due to the difficulty of achieving the desired NW diameters by 

VLS growth, a top-down etching method was used in this thesis for NW fabrication. The 

length of the NWs (or ñpillarsò) is determined by the thickness of an initial thin film grown 

on Si substrates, and the diameter of the pillars is determined by a mask formed by electron 

beam lithography (EBL) and a Ti deposition. Reactive ion etching (RIE) was then used to 

etch away unwanted material. This process is depicted in figure 2.5. 

 

Figure 2.5 Depiction of the top-down fabrication process used to obtain the large diameter pillars. 
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2.2.1 Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) was first demonstrated in the 1970ôs and has since 

become a core method of growing high quality semiconductor materials on a given 

substrate wafer [2.6, 2.7]. The main growth chamber of an MBE system will have multiple 

solid sources (effusion cells) and/or gas sources and allow for the required atomic species 

to impinge on the substrate. The rate of growth of the semiconductor is dictated by the 

evaporation of the atomic species and can be accurately controlled for alloy growth and 

doping. MBE is a powerful technique over other crystal growth techniques due to its ultra-

high vacuum (UHV) environment (p < 10-9 torr) and the beam nature of the atomic species 

flux. This UHV environment allows for the impinging atomic species to arrive on the 

substrate surface as individual atomic species called adatoms on the sample surface. The 

adatoms are then driven by surface kinetics and may bind to the substrate and begin 

semiconductor growth, or may desorb back into the growth chamber. MBE is typically 

done at low growth rates of about 1 ɛm/h (1 monolayer s-1), to ensure that adatoms are 

given time to migrate on the substrate surface and crystallize to a high degree of quality, 

with a smooth crystalline growth surface. The fluxes of atomic species are controlled 

through mechanical shutters that can instantaneously start and end the deposition. The UHV 

environment of the growth chamber also allows for the unique ability of in situ growth 

characterization. Techniques such as reflection high-energy electron diffraction (RHEED), 

Auger electron spectroscopy (AES), ellipsometry, or optical reflection measurements, can 

be performed in real time during semiconductor growth and yield live feedback on growth 

quality, and material thickness over time. These real time in situ techniques, in conjunction 
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with the low general growth rates and highly controlled beam-like flux, allow for the 

growth of complex layered semiconductor structures with abrupt boundaries and varied 

doping levels and types. 

The beam collimation in MBE is preserved due to the long mean free path that the 

incident atomic species travel in the UHV conditions of the MBE. Once the impinging 

molecular species reach the substrate they can adsorb to the surface and begin diffusing as 

individual adatoms allowing for epitaxial growth. While diffusing, they can incorporate 

with the substrateôs crystal lattice through either physisorption or chemisorption. During 

physisorption, the attractive forces are van der Waals and there is no electron transfer 

between the adatoms and the atoms in the substrate lattice. During chemisorption, electron 

transfer and chemical binding occurs. The energies required for physisorption are lower 

than those required for chemisorption. In general, for MBE crystal growth, adatom 

condensation occurs through a two-stage process in which physisorption leads into 

chemisorption. Three growth modes may occur depending on the strength of the binding 

forces between the adatoms, other adatoms, and the substrate. The Volmer-Weber growth 

mode (island growth mode) occurs when the adatoms are more strongly bound to each other 

rather than the substrate. Adatoms diffusing on the surface will bind to each other and begin 

to coalesce into islands formed by the impinging atomic species. The islands act as 

nucleation sites due to their lower surface energies, and diffusing adatoms will continue to 

bind to the growing islands that eventually meld together and form the thin film growth. 

The Frank van der Merwe growth mode (layer-by-layer) occurs when the impinging 

adatoms have a stronger attraction to the substrate than to each other. Adatoms begin to 
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bind to the substrate and form a thin film layer; however, as the diffusing adatoms are more 

strongly bound to the substrate, the substrate surface is covered with an initial layer before 

the next layer begins to form. Since the adatoms are not as strongly attracted to one another 

they tend to spread out forming thin film layers during growth as opposed to nucleating 

into islands. The final growth mode, the Stranski-Krastanov growth mode, is a combination 

of the previous two. After initial monolayers of layer-by-layer growth, island nucleation 

becomes preferential resulting in island formation on the underlying initial thin film layers. 

These growth modes are depicted in figure 2.6. 

 

Figure 2.6 Depiction of the various growth modes that diffusing adatoms may undergo to lead to 

thin film formation. a) Frank van der Merwe (layers), b) Volmer-Weber (islands), and c) Stranski-

Krastanov (layer + islands). 
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 In this work, MBE was used to grow InSb and InAsSb thin films. These thin films 

formed the basis for the top-down etching process used to arrive at large diameter InSb and 

InAsSb pillars for MWIR and LWIR absorption (step 1, figure 2.4). Initial thin film growths 

consisted of undoped InSb grown on undoped (> 100 ɋ cm) Si (100) substrates. This 

undoped substrate was used in order to perform IR transmission measurements on the 

completed pillar arrays by ensuring that the substrate would be highly transparent in the IR 

regime without free carrier absorption. Transparency of the substrate was demonstrated 

with FTIR measurements prior to MBE growth. Si (100) substrates were 4ò in diameter and 

cleaved into 4 quarters. Prior to loading into the MBE load lock, the silicon substrate was 

etched for 1 min in buffered HF to remove native oxide. The substrate was then loaded and 

degassed at 300 °C for 15 min in a preparation chamber before being transferred into the 

main growth chamber. The initial InSb growths were performed to optimize InSb thin film 

quality by adjusting substrate temperature during growth (500 °C, 550 °C, 600 °C) and by 

introducing a thin AlSb buffer layer (~ 10 nm thick, 550 °C substrate temperature). It was 

immediately made clear from SEM imaging that the presence of the AlSb buffer 

substantially promoted uniform thin film growth.  Due to the large lattice mismatch 

between InSb and Si, a buffer is necessary to promote thin film growth and relieve 

mismatch-induced lattice strain and reduce the presence of defects. The specific mechanism 

by which the AlSb buffer layer on Si promotes thin film growth was studied in chapter 3.  

InAsSb thin films were also grown by MBE. These were grown on the same undoped 

(> 100 ɋ cm) Si (100) substrates for optical measurements. InAsSb allows for bandgap 

tuning through material composition and the intent was to grow a thin film with as low a 
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bandgap energy as possible by introducing As to an InSb growth, and then manipulating 

absorption wavelengths in the LWIR region by tuning pillar geometry. The composition 

InAs0.36Sb64 yields the lowest bandgap energy of 0.08 eV, as discussed in chapter 1. Si 

substrates for InAsSb growths were prepared for MBE in the same way as for InSb growths. 

An AlSb buffer layer was also used for InAsSb. Preliminary growths were performed to 

observe the effect of temperature on growth quality with SEM and XRD performed, as with 

the InSb growths. This work is explained in chapter 4. 

2.2.2 Electron Beam Lithography and Ti Mask 

Electron beam lithography (EBL) was performed with a Vistec EBPG 5000+ system 

at the University of Torontoôs nanofabrication center (TNFC). EBL operates on the same 

principle as SEM; what SEM is to light microscopy, EBL is to photolithography. In EBL, 

the electron beam interacts with a resist polymer spun onto the surface of a sample, altering 

the chemical composition, and allowing for easy removal with a developing solvent. The 

Vistec system is typically operated at 100 kV, with higher accelerating voltages used for 

EBL to minimize exposure of resist outside of the pattern area. With standard 

photolithography, either with a mask or using a direct write system, the resolution of 

exposure of the resist is limited by the diffraction of light. EBL allows for much finer 

features to be obtained as with SEM. The Vistec system allows for sub-10 nanometer 

resolution allowing for accurate patterning of small diameter circles to fabricate the Ti mask 

for pillar etching. The photoresist used was PMMA A5 and the sample was prepared for 

EBL at the TNFC. The pattern used for mask fabrication consisted of arrays of circles of 

varying diameter and pitch combinations. The circle arrays were arranged into a larger grid 
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consisting of diameter variation when moving along a row, and pitch variation moving 

down a column, as shown in figure 2.7.  

 

Figure 2.7 Layout of the EBL pattern used for mask fabrication on InSb and InAsSb thin films. 

Pitches were varied moving down columns, and diameters were varied moving along rows. 

 

The InSb thin film sample used diameters ranging from 300 nm to 800 nm in 100 nm 

steps, and pitches (spacing between pillars) ranging from 1000 nm to 3000 nm in 500 nm 

steps. This pattern had an additional column consisting of diameter and pitch combinations 

(D, P) of (900 nm, 3000 nm), (1100 nm, 3000 nm), (1300 nm, 3500 nm), and (1500 nm, 

4000nm). The InAsSb thin film sample used diameters ranging from 1700 nm to 2500 nm 

in 200 nm steps, and then increasing to 4000 nm in 500 nm steps, and pitches ranging from 

4000 nm to 6000 nm in 500 nm steps. The size of each (D, P) combination array is 300x300 

ɛm2. The arrangement of the patterns is depicted in figure 2.7. After EBL, development of 

the PMMA A5 resist was confirmed by SEM imaging. After EBL patterning, electron beam 
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physical vapor deposition (EBPVD) was used to deposit 120 nm of Ti onto the developed 

pattern at a rate of roughly 2 Å/s. Sonication in acetone was used for liftoff to remove the 

resist leaving behind the arrays of Ti discs to serve as the mask for RIE. Liftoff was 

confirmed through SEM. 

2.2.3 Reactive Ion Etching 

With the Ti mask formed by EBL and EBPVD, RIE was used to etch away the thin 

film leaving the desired pillar structures behind. RIE is a dry etching technique based on 

plasma generation of desired atomic species that will react with the sample [2.8]. Gasses 

are introduced into an etching chamber and an electric field is produced between two 

electrodes (one being the sample stage), typically with a radio frequency (RF) power of 

13.56 MHz. The RF power will ionize atoms, removing and accelerating electrons into 

other atoms, leading to further ionization in a cascading avalanche fashion. This process 

results in the plasma formation, consisting of electrons, ions, and neutral radicals. Electrons 

generated in the plasma are attracted to and pushed away from the bottom electrode, where 

the sample stage is located, by a bias generated in conjunction with the RF power. When 

the bias is negative, electrons are repelled from the stage and in general electrons do not 

exist in a region above the sample stage electrode. This region is called the ion sheath and 

is mainly populated by ions that continuously travel as they are too massive to be affected 

by the RF power. Etching in the RIE system is primarily done through interactions with 

these ions and radicals. When the reactive ions or radicals reach the sample, they react 

creating an etch byproduct, which then desorbs and is pumped out of the etch chamber. RIE 

was performed at the University of Waterlooôs Quantum Nanofabrication Center (QNFC). 
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The system was an Oxford Instruments ICP380 inductively coupled plasma RIE (ICP-RIE) 

system. ICP-RIE differs from standard RIE by the introduction of an induction coil which 

controls ion travel towards the substrate, offering an additional parameter to control the 

etching process by decoupling plasma generation and ion acceleration, whereas with 

standard RIE the ion acceleration is controlled by the bias formed on the sample stage 

electrode coupled to the main RF power that generates the plasma. A depiction of an ICP-

RIE etch chamber is presented in figure 2.8. 

 

Figure 2.8 Schematic of an ICP-RIE etch chamber depicting the sample stage electrode for RF 

power, the generated plasma, positive ions in the ion sheath above the sample, and the induction 

coils around the chamber to direct ion motion. 

 

For both InSb and InAsSb etches, a gas mixture of CH4/H2/Ar was used at gas flow 

rates into the etch chamber of 15/50/5 sccm [2.9]. When CH4 and H2 is introduced to the 

etch chamber, methyl and H radicals are expected to be formed in the plasma. The methyl 
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radicals react with the In, and the H ions react with Sb to form the hydride SbH3. An 

increase in etch rate is observed as the ratio of CH4 to H2 increases; however, the effect of 

the gas ratio on sidewall morphology is not known, and the ratio is typically kept at less 

than 1/3 to avoid the deposition of carbon on the material surface. Ar acts to promote a 

smooth etch surface by incident Ar ions accelerating the desorption process of etch 

byproducts. At Ar partial pressures greater than 0.1 Pa, however, Ar ions may damage the 

sample surface. 

2.2.4 Focused Ion Beam Etching 

In addition to using RIE for top-down fabrication of pillar arrays, focused ion beam 

(FIB) etching of InAsSb thin films on undoped Si substrates was also performed to create 

pillar structures. Due to the unique optical properties of NWs outlined in section 1.3.3, the 

enhancement of optical absorption through coupling into HE1n guided modes leads to 

enhanced optical absorption over an area larger than the NW cross-sectional area. InP 

single NWs demonstrated an absorption cross-section that is 50 times greater than the NW 

cross-sectional area [2.10]. Studies regarding GaAs single NW structures with a diameter 

of 126 nm demonstrated optical absorption over an area with a diameter of nearly a 

magnitude higher than that of the NW itself at the peak absorption wavelength [2.11]. At 

wavelengths that coupled minimally into the NW (away from the HE1n resonance peaks), 

the diameter of the absorption area was still nearly 5 times the diameter of the NW. This 

ability of NW structures to enhance absorption in a larger area around them, and not only 

at the immediate NW surface, has led to the demonstration of high efficiency single NW 
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devices [2.12]. In the present thesis, optical absorption was measured by FTIR from single 

pillars and 2x2 pillar arrays produced by FIB etching.  

FIB etching was performed with a FEI Versa 3D Dual beam system. The system 

allows for 5-7 nm resolution on ion beam etching at an accelerating voltage of 30 kV. FIB 

etch systems operate on similar principles to an SEM system but with an ion beam rather 

than an electron beam [2.13-2.16]. Ga ions are generated from a liquid metal ion source 

and a tungsten needle. Ga has a low melting temperature allowing for generation of Ga ions 

without affecting the tungsten needle. Ions are generated from field emission from the 

needle tip and directed to the sample. The ions can be reflected, secondary electrons can be 

generated and collected, x-rays can be generated, and sample atoms can be removed from 

the surface through sputtering. Because of this, imaging of the sample can be performed 

through secondary electron collection and etching of the sample can be performed by 

sputtering material from the surface. The process typically results in ion implantation in the 

sample surface.  

2.3 References 

[2.1] W. Zhou, R. Apkarian, Z. Wang, and D. Joy, Scanning microscopy for 

nanotechnology, Springer, New York, 2006 

[2.2] B. He, Two-dimensional X-ray diffraction, 2nd ed., John Wiley & Sons, Inc., 2018 

[2.3] M. Vitha, Spectroscopy: principles and instrumentation, John Wiley & Son, Inc., 2018 

[2.4] M. Sardela, Practical materials characterization, Springer, 2014 

[2.5] O. Lindberg, Hall effect, Proc. IRE 40 (1952) 1414-1419 

[2.6] M. Herman, and H. Sitter, Molecular beam epitaxy: fundamentals and current status, 

Springer Series in Materials Science, 1996  



M.A.Sc. Thesis ï Curtis Goosney  McMaster University ï Engineering Physics 

52 
 

[2.7] E.H.C. Parker, The technology and physics of molecular beam epitaxy, Springer, New 

York, 1985 

[2.8] K. Nojiri, Dry etching technology for semiconductors, Springer, 2015 

[2.9] G. D. Zhang, W. G. Sun, S. L. Xu, H. Y. Zhao, H. Y. Su, and H. Z. Wang, Inductively 

coupled plasma-reactive ion etching of InSb using CH4/H2/Ar plasma, J. Vac. Sci. 

Technol., A 27 (2009) 681 

[2.10] N. Anttu, Absorption of light in a single vertical nanowire and a nanowire array, 

Nanotechnology 30 (2019) 104004 

[2.11] R. Frederiksen, G. Tutuncuoglu, F. Matteini, K. Martinez, A. Fontcuberta i Morral, 

and E. Alarcon-Llado, Visual understanding of light absorption and waveguiding in 

standing nanowires with 3D fluorescence confocal microscopy, ACS Photonics (2017) 

2235-2241 

[2.12] P. Krogstrup, H. Jørgensen, M. Heiss, O. Demichel, J. Holm, M. Aagesen, J. Nygard, 

and A. Fontcuberta i Morral, Single-nanowire solar cells beyond the Shockley-

Queisser limit, Nat. Photonics 7 (2013) 306-310 

[2.13] S. Reyntjens, and R. Puers, A review of focused ion beam applications in 

microsystem technology, J. Micromech. Microeng. 11 (2001) 287 

[2.14] S. Matsui, and Y. Ochiai, Focused ion beam applications to solid state devices, 

Nanotechnology 7 (1996) 247 

[2.15] J. Gierak, Focused ion beam technology and ultimate applications, Semicond. Sci. 

Technol. 24 (2009) 043001 

[2.16] C. Volkert, and A. Minor, Focused ion beam microscopy and micromachining, MRS 

Bulletin 32 (2007) 389-399 

  



M.A.Sc. Thesis ï Curtis Goosney  McMaster University ï Engineering Physics 

53 
 

Chapter 3 ï InSb Nanowires for Multispectral 

Infrared Detection 
 

The results presented in this chapter are a part of the publication,  

C. Goosney, V. Jarvis, D. Wilson, N. Goktas, and R. LaPierre, InSb nanowires for 

multispectral infrared detection, Semicond. Sci. Technol. 34 (2019) 035023 

 

This work discusses InSb pillar fabrication for MWIR detection. Discussion is included in 

chapter 3.4 not in the original publication providing additional FTIR measurements and 

SEM images of InSb pillars. 

3.1 Abstract 

InSb nanowire arrays fabricated by a top-down etching process were investigated for 

multispectral infrared photodetection. A 2.5 µm thick film of InSb was grown on Si (100) 

by molecular beam epitaxy using an AlSb buffer layer to alleviate defects associated with 

lattice mismatch strain, as confirmed by scanning electron microscopy and x-ray diffraction. 

Using a Ti mask patterned by electron beam lithography, InSb nanowire arrays with 

diameters ranging from 300 nm to 1300 nm (100 nm steps) and pitches ranging from 1000 

nm to 3500 (500 nm steps) were reactive ion etched from the thin film. For each 100 nm 

increase in nanowire diameter, the peak absorptance wavelength, as measured by Fourier 

transform infrared spectroscopy, increased by 0.53 ± 0.2 µm. The ability for InSb 

nanowires to produce highly tunable absorptance from 1.61 µm to 6.86 µm was 

demonstrated.  
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3.2 Introduction  

Currently, the most widely utilized material for infrared (IR) photodetection is Hg1-

xCdxTe (MCT) due to the ability to tune the direct bandgap from short wavelength IR to 

very long wavelength IR [3.1-3.4]. MCT, however, suffers from material instabilities due 

to weak Hg-Te bonds in the crystal structure [3.1]. The substrate used for MCT devices, 

CdZnTe, while being lattice matched with MCT, is expensive and difficult to integrate with 

silicon readout integrated circuits [3.3]. Attempts to use much more cost-efficient Si 

substrates as an alternative to CdZnTe resulted in poor MCT film quality [3.4]. To address 

these challenges, alternative photodetection technologies are being investigated, including 

nanowire (NW) arrays of various semiconductor materials [3.5].  

A recent finite element analysis study of InSb NW arrays showed tunable optical 

absorption from 1.5 µm to 6.5 µm by altering the NW diameter [3.6]. NWs support an HE11 

guided mode resonance that allows incident light to couple strongly with the NWs. As a 

result, optical absorptance in NWs can exceed that from a thin film of equivalent thickness 

[3.6-3.9]. Furthermore, this coupling of incident light with the HE11 guided mode produces 

a sharp absorptance peak at a wavelength proportional to the NW diameter, enabling 

multispectral photodetection in a single material system simply by tuning the NW diameter. 

Robson et al. [3.10] demonstrated multispectral absorption in large diameter (440 ï 520 

nm) InAsSb NWs in the short wavelength IR region. The NWs were grown catalyst-free 

on a Si substrate by selective-area molecular beam epitaxy (MBE). The growth conditions 

allowed control of the InAsSb NW diameter, leading to the ability to tune the peak 
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absorptance wavelength of InAsSb without bandgap engineering. In the present article, the 

first demonstration of multispectral optical absorptance in the short- and mid-IR regions in 

top-down etched InSb NWs is shown. 

3.3 Experimental Details and Results 

3.3.1 Thin Film Growth and Characterization 

InSb thin films were grown by molecular beam epitaxy (MBE) on Si (100) substrates. 

The Si substrates had resistivity >100 ɋĿcm to prevent free carrier absorption in FTIR 

transmission measurements. The Si substrate underwent a 1 min buffered HF etch to 

remove any native oxide, followed by degassing at 300 C̄ for 15 min in a preparation 

chamber before transfer into the MBE. Antimony was supplied by a valved cracker cell, 

while aluminum and indium were supplied by a standard effusion cell. An AlSb buffer 

layer was grown at a substrate temperature of 500 °C, 550 °C and 600 C̄ for three different 

growths. A V/III flux ratio of 2, a growth rate of 0.1 µm/h, and a growth duration of 6 min 

resulted in an AlSb buffer layer thickness of 10 nm. Following the AlSb buffer layer, an 

InSb film was grown at a substrate temperature identical to that of the AlSb buffer. The 

InSb films were grown with a V/III flux ratio of 1.2 and a growth rate of 0.5 ɛm/h for 5 h, 

resulting in a film thickness of 2.5 ɛm. An additional InSb film was grown at 550 °C with 

no AlSb buffer to observe the effect of the buffer on the InSb film quality. 

 A JEOL 7000F scanning electron microscope (SEM) was used to characterize the 

thin film and NW morphology. The plan view SEM image in figure 3.1(a) shows InSb 

grown at 550 ̄C on Si (100) with no AlSb buffer layer. Figure 3.1(b)ï(d) show plan view 
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SEM images of an InSb thin film grown on Si (100) with an AlSb buffer layer. The AlSb 

buffer growth temperature was 500 ºC, 550 ºC and 600 ºC in figure 3.1(b)-(d), respectively, 

with the InSb layer grown at the same temperature as AlSb in all cases. With no AlSb buffer 

layer, the surface morphology in figure 3.1(a) indicates the formation of InSb islands on 

the Si (100) substrate. Comparing figure 3.1(a) without the AlSb buffer layer and 3.1(c) 

with the AlSb buffer layer (both at the same growth temperature) indicated that the AlSb 

buffer layer resulted in smoother InSb films. Similar results were observed in a series of 

studies performed by Hosseini Vajargah et al. [3.11-3.13] and Woo et al. [3.14] for GaSb 

epitaxial growth on Si (100). GaSb tends to form in the Volmer-Weber growth mode on Si 

due to a high surface energy and large lattice mismatch. Due to the long diffusion length of 

Ga adatoms, Ga also tends to accumulate into droplets on the Si surface. We speculate that 

a similar process occurs with In during the growth of InSb films. Without an AlSb buffer 

layer, InSb forms islands along with In droplets on the Si (100) substrate in the Volmer-

Weber growth mode. Misfit dislocations, twinning, and anti-phase domains are also 

expected in the InSb film due to the large lattice mismatch and polar/non-polar nature of 

InSb on Si. Previous studies have shown that the AlSb buffer layer also forms islands on 

the Si surface, but at an increased island density due to the low surface diffusion length of 

Al on Si [3.12]. The AlSb islands interrupt the long diffusion length of In adatoms, and act 

as sites for nucleation of the InSb film heterogeneously at the facets of the AlSb islands 

due to the decreased interfacial energies at these sites. The InSb islands spread laterally and 

coalesce to form a smoother thin film of improved crystalline quality as compared to the 

case without the AlSb buffer layer. The AlSb buffer is also expected to effectively relax 
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the mismatch strain by localizing misfit dislocations at the interface with Si [3.11]. The 

crystal structure of the InSb film improved further with increasing InSb growth temperature, 

as evident from the smoother surface morphology in figure 3.1(d) as compared to 3.1(b) or 

(c). The diffusion length of In increases with temperature, further promoting the nucleation 

at the AlSb island edges.  

 

Figure 3.1 Plan view SEM images of InSb thin films grown (a) without an AlSb buffer layer at 550 

ºC, and with an AlSb buffer layer at (b) 500 ºC, (c) 550 ºC, and (d) 600 ºC. Insets show the 

corresponding (220) X-ray diffraction pole figures. The scale bar in (d) indicates 5 µm, applicable 

to all images. 

 

To further investigate the crystal quality of the thin films, X-ray diffraction (XRD) 

was performed with a Bruker D8 DISCOVER diffractometer equipped with a Co sealed 

tube source (ɚ = 1.79026 Å) and Vantec 500 area detector, and a Rigaku RU200 Cu rotating 

anode source (ɚ = 1.54056 Å) with a SMART6000 detector. The insets in figure 3.1 show 
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the (220) XRD pole figures for the InSb thin films grown at 550 °C without an AlSb buffer 

(figure 3.1(a)); and with an AlSb buffer grown at 500 °C (figure 3.1(b)), 550 °C (figure 

3.1(c)), and 600 °C (figure 3.1(d)). All four films showed evidence of a randomly oriented 

polycrystalline component.  In each (220) pole figure depicted, the four outer spots (blue 

outline) correspond to growth in the [100] direction normal to the substrate surface. The 

four inner spots (orange outline) indicate a secondary set of growth directions consisting of 

four equivalent [212] directions normal to the substrate surface. Analysis of the oriented 

components of the films was performed by the integrated intensity of each pole minus the 

integrated background, and evaluating the intensity contribution for each orientation 

component. The (100) and (212) spots are sharper for the InSb film grown at 550 °C with 

an AlSb buffer ((100) fraction = 42%) as compared to the reflections for the InSb film 

grown at 550 °C without AlSb ((100) fraction = 30%), indicating that the films become 

more highly oriented along the [100] direction with the addition of an AlSb buffer layer. 

The film grown at 500 °C with an AlSb buffer did not show any preferential growth 

directions and only random polycrystalline diffraction, as indicated by the lack of high 

intensity spots. The increase in temperature to 600 °C caused an observed increase in crystal 

quality and increase in (100) orientation fraction to 74%. Phase analysis (not shown) 

indicated a zincblende crystal structure for the InSb thin film in all cases. The film grown 

with no AlSb buffer exhibited a pure indium phase corresponding to indium accumulation 

on the Si surface. Thus, the polycrystalline structure improved with increasing InSb growth 

temperature when the AlSb buffer was present, as evident from the increasing 

polycrystalline grain size in the surface morphology of SEM images, and the absence of a 
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diffuse background and a narrowing in diffraction peaks in the pole figures. An increase in 

growth temperature allows for In adatoms to diffuse further before nucleation. This allows 

for the adatoms having a higher probability of nucleation at the edges of AlSb islands, 

inhibiting the growth of InSb islands and promoting smoother epitaxial film growth. 

3.3.2 Nanowire Fabrication and Characterization 

PMMA A5 photoresist was spin-coated onto the InSb thin film at 2000 rpm for 45 s, 

producing a layer approximately 400 nm in thickness. A Vistec EBPG 5000+ electron beam 

lithography (EBL) system was used to pattern separate 300 µm x 300 µm areas, each 

containing holes of different diameter (ranging from 300 nm to 1300 nm) and pitch (ranging 

from 1000 nm to 3500 nm) as confirmed by SEM (figure 3.2(a)). The resist was developed 

with a 1 min rinse in MIBK:IPA mixture at a 1:3 volume ratio, followed by an additional 

1 min rinse in IPA. 120 nm of Ti was deposited by electron beam deposition at ~2 Å/s. Lift-

off was performed by sonication in acetone, leaving behind Ti discs as an etch mask (figure 

3.2(b)). 

 

Figure 3.2 (a) 30° tilted SEM image of PMMA A5 resist showing an EBL pattern of holes with a 

pitch of 1000 nm and diameter of 400 nm. (b) Plan view SEM image of Ti mask remaining after 

liftoff for a pitch of 1500 nm and diameter of 600 nm. The scale bar indicates 5 µm for both images. 

(a) (b)
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Reactive ion etching (RIE) was performed with an Oxford Instruments model ICP380 

inductively coupled plasma RIE (ICP-RIE) using a gas mixture of CH4/H2/Ar (15/50/5 

sccm) [3.15]. The etch was performed for 1 hr and 55 min at a rate of 22 nm/min, thereby 

etching the entire InSb thin film and AlSb buffer layer down to the Si substrate. After RIE 

etching, a wet etch was performed in 10:1 H2O:49% HF for 45 s to remove the Ti remaining 

on the top of the NWs [3.16]. The Ti etch did not have any observable effect on the NWs 

as observed by SEM. Representative SEM images of the resulting NW arrays are presented 

in figure 3.3. 

 

Figure 3.3 30° tilted SEM images of InSb NW arrays with diameter (D) and pitch (P) of (a) D = 

300 nm, P = 2000 nm; (b) D = 500 nm, P = 2000 nm; (c) D = 700 nm, P = 2000 nm; (d) D = 900 

nm, P = 3000 nm; (e) D = 1100 nm, P = 3000 nm, and (f) D = 1300 nm, P = 3500 nm. The scale 

bar in (f) indicates 3 µm, applicable to all images. 

(a) (b) (c)

(d) (e) (f)
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The length of the NWs was measured by SEM to be 2.3 µm, equal to the total thin 

film thickness (InSb and AlSb buffer). The NWs were observed to have tapered sidewalls 

with a taper angle between 2.0° to 6.2°.  The values for the top and bottom diameters of the 

etched NWs are shown in figure 3.4. The top diameter is determined by the diameter of the 

Ti mask present during etching. The resultant tapering can be attributed to an ñedge 

sheltering effectò during the RIE process, which may be improved by increasing the 

pressure [3.15]. 

 

Figure 3.4 The top and base diameter of NWs obtained by SEM as compared to the Ti disc diameter 

(dashed line) for the indicated pitches (P: 1000 nm, 2000 nm, 3000 nm). The colored lines are a 

guide to the eye. 

 

Scanning transmission electron microscopy (TEM), using a JEOL 2010F, was used 

to characterize the NW structure. The NW arrays were prepared for TEM by cutting a 

lamella through the center of a row of NWs of diameter 300 nm and pitch 1000 nm using 
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a FEI VERSA 3D focused ion beam (FIB) system. A layer of Pt was deposited on the 

selected NWs in preparation for FIB to protect them from damage during the milling 

process. Figure 3.5(a) shows a bright-field TEM image for two NWs including the 

underlying Si substrate prepared by FIB. Selected area electron diffraction (SAD) of a 

single NW was performed (figure 3.5(b)) on the circled region indicated in figure 3.5(a). 

The SAD pattern is indicative of a zincblende structure with twinning. An energy dispersive 

x-ray spectroscopy (EDX) line scan (figure 3.5(c)), performed in the TEM along the length 

of a single NW, confirmed that the films were etched completely down to the Si substrate. 

 

Figure 3.5 (a) TEM image of NWs with top diameter of 300 nm and pitch of 1000 nm. The space 

between NWs is filled with Pt for the FIB process. The scale bar depicts 0.5 µm. (b) Electron 

diffraction pattern from the selected area indicated by a circle in (a). The scale bar depicts 5 nm-1. 

(c) EDX line scan along the length of a NW, showing the NW composition. Green, red, and blue 

represent In, Sb and Si, respectively. The scale bar depicts 1 µm. 

 

Optical measurements were performed by Fourier transform infrared spectroscopy 

(FTIR) using a BRUKER Hyperion 3000 system with a halogen source and MCT detector. 

Reflectance (R(ɚ)) and transmittance (T(ɚ)) spectra were measured using a 15x objective 

lens, and the absorptance spectra (A(ɚ)) were calculated as A(ɚ)=1-R(ɚ)-T(ɚ). A knife-edge 
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aperture was used to selectively illuminate only a single NW array. The same aperture was 

used to obtain a background measurement for the reflectance and transmittance spectra. A 

measurement performed on a gold-coated glass slide was used as a background 

measurement for the reflectance spectrum, while a measurement performed through 

unobstructed air was performed as a background measurement for the transmittance 

spectrum. The same technique was used to measure the absorptance from the thin film, 

prior to etching the film for the NW fabrication. Figure 3.6(a) shows the optical absorptance 

measured by FTIR for various diameters and pitches. Due to the high resistivity (>100 

ɋĿcm) of the Si substrate, negligible absorptance was obtained from the Si substrate as 

confirmed by FTIR measurements. 

3.4 Discussion 

The measured absorptance of the NWs spanned 1.61 µm to 6.86 µm, with a peak 

absorptance which exceeded that due to the InSb thin film (dashed line). Figure 6(b) shows 

the expected absorptance simulated by COMSOL Multiphysics using the finite element 

method, as reported previously [3.6].  For ease of simulation and since absorption occurs 

mostly near the top of the NWs, each NW array was approximated by NWs of a constant 

diameter corresponding to the top diameter of the NWs. Comparison of figure 3.6(a) and 

(b) indicate reasonable agreement between the experimental and simulated spectra, 

confirming that the absorptance spectra were due to the HE11 resonant mode. The peak 

wavelength of the absorptance spectra shifted linearly with NW diameter, increasing by 

0.53 ± 0.2 µm for each 100 nm increase in NW diameter. The measured FTIR spectra 
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appeared broader than the theoretical data which can be attributed to the tapering of the 

NW sidewalls allowing for coupling of a wider range of wavelengths into the NWs.  

 

Figure 3.6 (a) FTIR absorptance spectra of NW arrays with the indicated diameter (D) and pitch 

(P). (b) Simulated absorptance spectra. 

  

The peak absorptance measured in the NW arrays were approximately 10 to 20% 

greater than the theoretical peak absorptance obtained from the simulations. The reason for 

this discrepancy is not presently clear, but is likely due to differences between the 

(b)

(a)
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experimental illumination conditions and that used in the simulations. The infrared beam 

was confocal in the FTIR measurements with reflection measurements performed by 

illumination of the top of the samples (the NW side), and transmission measurements 

performed by illumination of the rear of the sample (the substrate side). On the other hand, 

for simplicity, the simulations were performed by plane wave illumination only on the top 

of the NWs. Conversely, the measured thin film absorptance showed a greater slope than 

the predicted absorptance. This discrepancy may be due to scattered light, caused by the 

film roughness and defects (polycrystalline nature of the film), that is not collected by the 

FTIR objective. The simulations do not include this light scattering effect.  

 

Figure 3.7 Schematic (not to scale) of possible NW IR sensor. 

 

A potential device architecture is depicted in figure 3.7, consisting of NW arrays as 

IR absorbers monolithically integrated with a back-illuminated charge-coupled device 

(CCD). Gates and a gate oxide are added to a Si substrate (full read-out integrated circuit 

is not shown for simplicity). NWs are grown on the Si substrate, with a single pixel 

gates

gate oxide
p-n- n-

polymer

contact
l1 l2
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comprised of two or more NW arrays (only two pixels are depicted in figure 3.7).  Each 

NW array has a wavelength selective diameter. The NWs are planarized by a polymer 

[3.17] to facilitate contacting by a thin, IR-transparent metal film [3.18]. When illuminated, 

excess photoelectrons are collected from the NWs into the potential wells below each gate 

by a voltage bias.  These electrons are then read out in a shift registry to form the IR image. 

 As mentioned, following ICP-RIE of the thin films, an etch in 10:1 H2O:49% HF 

for 45 s was performed to completely remove the Ti mask from the NW tips to prevent 

unwanted light reflection. FTIR results demonstrating the optical absorption before and 

after the HF etch are presented in figure 3.8 for three NW diameters. Figure 3.8(a) presents 

FTIR data for NW arrays of 500 nm, 600 nm, and 700 nm diameter and a 2000 nm pitch. 

After the HF etch, a roughly 1% decrease in absorptance is observed, with a blue-shift of 

the HE11 resonant peak by roughly 0.05 ɛm. Figure 3.8(b) presents similar FTIR data for 

NW arrays with the same NW diameter as figure 3.8(a), but with pitch increased to 3000 

nm. The small blue-shift of the resonance peaks may be due to a diameter reduction of the 

pillars by the wet etching. The results of figure 3.8 show that the resonance peaks are due 

to a HE11 resonance, rather than a plasmonic resonance associated with the Ti metal.  
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Figure 3.8 FTIR results demonstrating the absorptance before (dashed) and after (solid) an HF etch 

performed on InSb NWs. Arrays presented have diameter D: 500 nm, 600 nm, 700 nm, and pitch 

P: a) 2000 nm and b) 3000 nm. 

 

SEM performed with the JEOL 7000 before and after Ti etching of a 1500 nm 

diameter and 4000 nm pitch array are presented in figure 3.9. After the etch, the 

polycrystalline grain boundaries of the InSb are observed, verifying removal of the Ti mask, 

although some NWs are observed with the Ti mask remaining. Higher resolution SEM 
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images taken with the FEI Magellan 400 are presented in figure 3.10(a) for 300 nm diameter 

and 1000 nm pitch arrays, and figure 3.10(b) for 800 nm diameter and 2000 nm pitch. 

Partial or full removal of Ti was observed. 

 

Figure 3.9 30° tilt SEM images of a 1500 nm diameter and 4000 nm pitch NW array (a) before and 

(b) after Ti mask removal. The scale bar in (a) corresponds to 1 ɛm and applies to both images. 

 

Figure 3.10 SEM images taken with the FEI Magellan 400 of two NW arrays post-HF etch 

to remove the Ti mask. (a) P: 1000 nm D: 300 nm, and (b) P: 2000 nm D: 800 nm. The 

scale bar in (b) corresponds to 1 ɛm and is applicable to both images. 

a b

a

b
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3.5 Conclusion 

InSb thin films were grown successfully on (100) Si by molecular beam epitaxy 

utilizing an AlSb buffer layer to alleviate island growth due to the large lattice mismatch 

between InSb and Si as confirmed by SEM and XRD. A top-down etching process provided 

a reliable method of fabricating InSb NW arrays with tunable diameter and pitch. The NWs 

were observed to have peak absorptance wavelength that was dependent on NW diameter 

and spanned the near-IR and mid-IR spectrum from 1.61 µm to 6.86 µm. Thus, 

multispectral absorptance was demonstrated with high wavelength tunability. The resulting 

InSb NWs may be used as IR filters, or as active photodetector pixel elements integrated 

with Si.  
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Chapter 4 ï InAsSb Pillars for Multispectral 

Long-wavelength Infrared Absorption 
 

The results presented in this chapter are a part of the publication, 

C. Goosney, V. Jarvis, J. Britten, and R. LaPierre, InAsSb pillars for multispectral long-

wavelength infrared absorption, Infrared Phys. Technol. 111 (2020) 103566 

 

This work discusses InAsSb pillar fabrication for LWIR detection.  Hall effect results not 

included in the original publication were added to the end of section 4.4. 

4.1 Abstract 

InAsSb pillars were investigated for multispectral photodetection in the long 

wavelength infrared (LWIR) region. An InAs0.19Sb0.81 thin film was successfully grown on 

Si (100) substrate, utilizing an AlSb buffer layer to alleviate the large lattice mismatch. X-

ray diffraction studies showed a majority [100] orientation of the as-grown films, with 

minor orientations arising as a result of twinning. Arrays of InAs0.21Sb0.79 pillars with 

diameters ranging from 1700 nm to 4000 nm were fabricated by a top-down reactive ion 

etching process. The arrays showed resonant optical absorption peaks in the LWIR region 

from 8 to 16 ɛm wavelength, dependent on the pillar diameter. The peak absorptance 

wavelength increased by 0.46 ɛm for each 100 nm increase in pillar diameter, 

demonstrating the multispectral tunability of such arrays. 
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4.2 Introduction  

The majority of available infrared (IR) detectors are based on the principle of 

semiconductor materials that absorb photons with energy exceeding the material bandgap 

[4.1]. Currently, the II-VI material mercury cadmium telluride (MCT), Hg1-xCdxTe, is most 

widely used for IR photodetection. The prominence of this material arises due to its direct 

bandgap that can be widely tuned throughout the short-wavelength IR (SWIR), mid-

wavelength IR (MWIR) and long-wavelength IR (LWIR) regions by altering the 

composition [4.2-4.6]. Also, the high charge carrier mobility and low room temperature 

recombination rate of MCT are desirable for IR photodetectors [4.3]. Alternative materials 

for IR applications have been investigated due to various issues with MCT. CdZnTe 

substrates, although lattice-matched with MCT, are expensive and difficult to integrate with 

silicon readout integrated circuits [4.4, 4.5]. There are also issues with stability, uniformity, 

and toxicity of MCT detectors due to the use of mercury (Hg).  

To address the aforementioned issues, III-V semiconductors may be used as an 

alternative to MCT [4.6, 4.7]. Among the III-V materials, the InAs1-xSbx compound 

semiconductor alloy is of particular interest for IR photodetection due to its small bandgap. 

Specifically, due to the large bandgap bowing parameter of the InAs1-xSbx material system 

[4.8], a bandgap minimum of 0.082 eV can be obtained (at the composition InAs0.36Sb0.64). 

This corresponds to a bandgap wavelength of 15.1 ɛm, enabling both MWIR and LWIR 

ranges. Various III-V photodetector technologies are available such as bulk substrates, 

quantum dots, and superlattices. These technologies are well described in Ref. [4.5, 4.6]. 
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      Infrared sensors must be integrated with Si electronics for image read-out and 

processing.  Like MCT, III-V materials are not easily integrated with Si due to lattice-

mismatch. To circumvent this issue, III-V materials are generally grown on expensive but 

lattice-matched III-V substrates. Alternatively, III-V materials may be grown directly on 

Si using buffer layers [4.9, 4.10], or transferred to Si using epitaxial lift-off and wafer 

bonding methods [4.11, 4.12].    

      It is also of great interest to develop multispectral or wavelength discriminating 

infrared detectors and cameras. Current multispectral cameras are fabricated using a multi-

junction approach comprised of different material bandgaps grown on top of one another 

to absorb different regions of the infrared spectrum. These bandgaps are generally restricted 

to lattice-matched materials, which imposes a restriction on the possible absorption bands.  

Previous studies have shown that semiconductor nanowires or pillars support an HE11 

guided mode optical resonance, allowing for incident light to strongly couple with the 

allowed optical modes within the structure [4.13-4.16]. As a result, an array of 

semiconductor pillars can demonstrate higher optical absorption than that of a thin film of 

the same material and equivalent thickness. In addition, the HE11 mode coupling results in 

a resonant absorption peak at a wavelength proportional to the pillar diameter, allowing for 

multispectral absorption by tuning pillar geometry. Using this principle, Wu et al. [4.17] 

demonstrated red-shifting of absorption peaks in the SWIR region with increasing diameter 

(40 nm to 110 nm) of InAs nanowires grown by chemical beam epitaxy. Robson et al. 

[4.18] demonstrated multispectral absorption in the MWIR region with large diameter (440 

ï 520 nm) InAsSb nanowires grown by selective-area molecular beam epitaxy (MBE). 
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Svensson et al. [4.19] demonstrated diameter-dependent photocurrent in the MWIR region 

from InAsSb nanowires grown by metal-organic vapor phase epitaxy. Our recent work 

[4.20] demonstrated large diameter (300 nm ï 1500 nm) InSb nanowires (pillars) fabricated 

by a top-down method on a Si (100) substrate using Ti discs as an etch mask. We 

demonstrated resonant absorptance peaks ranging from 1.61 ɛm to 6.86 ɛm in the SWIR 

and MWIR regions. To our knowledge, the principle of geometric tuning for multispectral 

absorption has not been demonstrated in the LWIR region.  

In the present study, InAsSb thin films were grown directly on Si using an AlSb 

buffer layer. Large diameter InAsSb pillars were then fabricated by a top-down etching 

approach, similar to Ref. [4.20]. Multispectral absorption with wavelength tunability was 

achieved by adjusting the pillar diameter as opposed to the material composition. Hence, 

multispectral absorption is demonstrated in the LWIR range from a single material system 

without the need for bandgap tuning. This principle can be used as a new concept for 

multispectral imaging with improved wavelength selection compared to existing detectors. 

4.3 Material and Methods 

Molecular beam epitaxy (MBE) was used to grow InAsSb thin films on high 

resistivity (> 100 ɋ·cm) Si (100) substrates. The high resistivity of the Si substrate 

minimized free carrier absorption, allowing optical transmission measurements of the films. 

The Si substrates were rinsed in a buffered HF bath for 1 min to remove native oxide prior 

to loading in the MBE preparation chamber. The substrates were degassed at 300 °C for 15 

min in a preparation chamber before transfer into the MBE deposition chamber. Antimony 
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flux was supplied by a 3-stage valved cracker effusion cell, arsenic (As2) flux was supplied 

by a hydride (AsH3) gas cracker, and aluminum and indium were supplied by a standard 

solid-source effusion cell. For all samples, a 10 nm thick AlSb buffer layer was first grown 

on the Si substrate at a V/III flux ratio of 2, a growth rate of 0.1 ɛm h-1, and a growth 

duration of 6 min. Following the initial AlSb buffer layer, InAsSb was grown at the same 

temperature as that of the AlSb buffer. The InAsSb films were grown with an arsenic V/III 

flux ratio of approximately 2, and an antimony V/III flux ratio of 1. The growth rate was 

0.5 ɛm h-1 for 5 h, yielding an InAsSb thin film of 2.5 ɛm thickness. The AlSb buffer layer 

and the InAsSb film were grown at 530 °C based on our previous studies [4.20]. Sample A 

was grown without dopants, while sample B and C were doped p-type with Be (p ~ 5x1018 

cm-3) and n-type with Te (n ~ 5x1018 cm-3), respectively. This doping level is typical of that 

used for device structures to be considered in later studies. Be was supplied by a standard 

effusion cell, and Te from a GaTe effusion cell. The dopant flux was calibrated based on 

Hall effect measurements on thin films. 

Pillars with controlled diameter were fabricated from sample A by etching the InAsSb 

film in a top-down approach. A PMMA A5 resist film was spin-coated onto the InAsSb 

film at 2000 rpm for 45 s, resulting in a layer approximately 400 nm thick. A Vistec EBPG 

5000+ electron beam lithography (EBL) system was used to pattern an array of holes in the 

resist film. The PMMA A5 resist was developed with a 1 min rinse in MIBK:IPA mixture 

at a 1:3 vol ratio, followed by a 1 min rinse in IPA, revealing 40 different squares of 300 

ɛm Ĭ 300 ɛm area, each with different hole diameter and pitch (spacing between holes). 

Each square array consisted of holes of fixed diameter ranging from 1700 nm to 2500 nm 
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in 200 nm increments, and from 2500 nm to 4000 nm in 500 nm increments. The pitch 

(spacing between holes) ranged from 4000 nm to 6000 nm in 500 nm increments. The hole 

pattern in the resist was filled with approximately 120 nm of Ti deposited by electron beam 

deposition at a rate of ~2 Å/s. Metal lift-off was performed by sonication in acetone to 

remove the PMMA A5 resist, leaving behind an array of Ti discs. Pillars were fabricated 

by reactive ion etching (RIE), using the Ti discs as an etch mask. The etching was 

performed with an Oxford Instruments model ICP380 inductively-coupled plasma RIE 

(ICP-RIE) using a gas mixture of CH4/H2/Ar (15/50/5 sccm) [4.21]. A study was performed 

to observe the effects of the RIE chamber pressure (7.5, 10, or 12.5 mTorr) on pillar 

sidewall tapering and surface damage by etching InSb thin films with an identical gas 

mixture. Based on the results of this study, the InAsSb film was etched for 1 h10 min at an 

etch pressure of 12.5 mTorr.  

After etching, the pillar morphology was characterized by scanning electron 

microscopy (SEM) using a FEI Magellan 400 instrument. Energy dispersive x-ray 

spectroscopy (EDS) was performed in the SEM to determine the InAsSb composition. 3D 

X-ray diffraction (XRD3) texture analysis was performed with a Bruker D8 DISCOVER 

diffractometer utilizing a Cu sealed tube source (ɚ = 1.54056 ¡) with a Vantec500 area 

detector. GADDS (Bruker) v4.1.6 software was used for X-ray data collection and pole 

figure analysis. Mercury 4.0 software was used for twin visualization [4.22]. 

Fourier transform infrared spectroscopy (FTIR) was performed using a BRUKER 

Hyperion 3000 system with a halogen source and MCT detector. Absorptance spectra 

(A(ɚ)) were calculated as A(ɚ)=1-R(ɚ)-T(ɚ), where the reflectance spectra (R(ɚ)) and 
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transmittance spectra (T(ɚ)) were measured with a 15Ĭ objective lens. A knife edge aperture 

was used to ensure only a single pillar array was illuminated. The same measurement 

parameters were used to collect background reference spectra using a gold-coated glass 

slide for reflectance measurements and unobstructed air for transmittance measurements. 

The identical setup was used to measure absorptance from the Si substrate and the InAsSb 

thin film prior to pillar etching. 

4.4 Results and Discussion 

The SEM images in figure 4.1(a) to (c) show the surface morphology of sample A, 

B, and C, respectively, after thin film deposition, indicating a polycrystalline film structure. 

To quantify the nature of the polycrystalline growth, XRD texture analysis was performed. 

Phase analysis (not shown) indicated a zincblende crystal structure of the InAs1-xSbx films. 

The film growth was dominated by a single orientation with the 3D XRD texture data 

indicating that the main film orientation for each sample was [100] normal to the Si 

substrate. The 220 pole figures for each sample are shown in figure 4.2.  

 

Figure 4.1 Plan view SEM images of InAsSb thin films for (a) sample A (undoped), (b) sample B 

(Be doped), and (c) sample C (Te doped). The scale bar in (c) corresponds to 2 ɛm and is applicable 

to all images. 

a b c
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Figure 4.2 220 Pole figures of InAsSb thin films from (a) sample A (undoped), (b) sample B (Be 

doped) and (c) sample C (Te doped). The insets are single 2D frames from each 3D texture scan, 

taken from a similar region of reciprocal space, showing 200, 220 and 311 diffraction features for 

the corresponding samples. The spots labeled 1-6 in (b) are discussed in the text. 

 

The insets in figure 4.2 are single 2D frames from each 3D texture scan, taken from 

a similar region of reciprocal space, showing 200, 220 and 311 diffraction spots for the 

corresponding samples. The inset for sample A shows that it contains a significant amount 

of randomly oriented grains; however, the other two samples are highly oriented. The 

intermediate intensity spots in the pole figures can be accounted for by [111] twinning in 

the film (Twin1), as depicted in figure 4.3. This occurs in multiple symmetry-related 

directions, giving rise to symmetry-related Twin1 spots. The Twin1 grains have their [122] 

direction normal to the substrate surface. The remaining minor spots on the pole figures 

can be predicted by a secondary [111] twinning on the Twin1 grains (Twin2). Twin2 grains 

have an approximate [184] direction normal to the substrate surface. The unique set of 220 

pole figure spots are labeled 1 through 6 in figure 4.2(b). The intensity of spot 1 is from the 

main [100] orientation with contributions from two symmetry-related Twin1 orientations 

and two Twin2 orientations. Spot 2 arises from a Twin1 orientation and two Twin2 

2 3

1

45

6

a b c
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orientations. Spots 3, 4, 5 and 6 each have a single contribution from a Twin2 orientation. 

Approximate orientation fractions are summarized in table 4.1.  

Table 4.1 XRD texture analysis. 

Sample [100]  

(%) 

Twin1  

(%) 

Twin2  

(%) 

A 70.3 28.3 1.4 

B 94.4 5.3 0.3 

C 97.7 2.0 0.3 

 

Continuous diffraction rings and higher pole figure diffusivity are evident in sample 

A. The addition of Be or Te dopants in sample B and C, respectively, increased the [100] 

film orientation. Diffuse lines of scattering that connect spots from different twin 

components were observed in the 3D diffraction patterns of sample B and C. The insets in 

figure 4.2 show diffuse scattering between 220 and 113 reflections from twin-related grains. 

Figure 4.3 shows a random [111] layering model for the origin of the diffuse scattering. 

 

Figure 4.3 Twinning by 180° (or ±60°) rotation about the [111] face of InAs1-xSbx. Regions of 

multiple layer twinning account for the diffuse scattering observed in the 3D diffraction pattern. 

Twin planes are indicated by yellow lines. 

InAs1-xSbx [122] 

Twin 1

Multiple short range 

twinning gives rise 

to diffuse scattering

InAs1-xSbx [100]

Si Substrate[100]

InAs1-xSbx (111) 

twinning plane
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EDS analysis indicated an InAs1-xSbx film composition of x = 0.81±0.03, 0.79±0.03 

and 0.79±0.03, averaged from 6 measurements across each sample, corresponding to a 

bandgap wavelength of 11.8, 12.4 and 12.4 ɛm [4.8] for sample A, B and C, respectively. 

The effect of the AlSb buffer layer on InSb film growth was previously studied by 

the author in Ref. [4.20], and in a series of studies performed by Vajargah et al. [4.23-4.25] 

and Woo et al. [4.26]. InAsSb tends to form via the Volmer-Weber growth mode on the Si 

surface due to the large lattice mismatch. AlSb forms in a similar way, but at a much higher 

island density due to the lower diffusion length of Al on Si, as compared to In [4.24]. The 

AlSb islands interrupt the long diffusion length of In adatoms at the island facets during 

the initial stage of InAsSb deposition, promoting smoother epitaxial film growth and [100] 

film orientation rather than island nucleation. 

Based on the texture analysis, the introduction of Be and Te dopant atoms during 

MBE growth of the InAsSb films appeared to promote (100) epitaxial growth. Although 

the Be and Te dopant fluxes are a fraction (~0.1%) of the film atomic density, the dopant 

atoms may accumulate (segregate) and form a monolayer on the sample surface rather than 

incorporate into the thin film. Te is well known to segregate and act as a surfactant during 

growth by promoting adatom incorporation, similar to the effect of an AlSb buffer layer 

[4.27-4.36]. Be has also been shown to exhibit surface segregation [4.37]. Hence, the 

addition of a Te or Be dopant flux substantially improved the crystalline quality of the thin 

films and promoted [100] orientation as shown in table 4.1. Further studies are needed to 

understand the effect of dopants on the InAsSb film morphology.   
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The SEM images of figure 4.4 show the morphology of the InAsSb pillar arrays after 

RIE etching of sample A. The Ti mask is still observable on the top of the pillars, although 

some etching of the Ti is observable in figure 4.4(d). The RIE etch resulted in pillars with 

near vertical sidewalls. The height of the pillars was ~2.1 ɛm in length, almost equal to the 

InAsSb film thickness (2.5 ɛm), indicating that the RIE etch nearly reached the Si substrate. 

 

Figure 4.4 30° tilted SEM images of InAsSb pillars, corresponding to arrays with (a) 4000 nm pitch 

and 1900 nm diameter, (b) 4000 nm pitch and 2300 nm diameter, (c) 5000 nm pitch and 3500 nm 

diameter, and (d) 6000 nm pitch and 4000 nm diameter. The scale bar in (d) corresponds to 20 ɛm 

and is applicable to all images. 

 

The absorptance of the Si substrate used in the present study is shown as the dashed 

line in figure 4.5a. This measurement confirms that the absorptance from the Si substrate 

was negligible, except for an absorption peak near 16 mm, which is also observed in all 

a) b)

c) d)
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other spectra. This peak is caused by Si-Si vibrational modes in the Si substrate contributing 

to IR absorptance at approximately 615 cm-1 [4.38]. Hence, the dominant spectral features 

observed from the pillar arrays in figure 4.5a must be attributed to absorption in the pillars 

and not the Si substrate. 

 

Figure 4.5 (a) FTIR absorptance spectra of InAsSb pillar arrays with different diameter (D) and 

pitch (P), absorptance from the as-grown thin film (black line), and absorptance from the Si 

substrate (dashed line). Arrows indicate the peak absorptance wavelengths. (b) Peak absorptance 

wavelength versus diameter for the HE11 mode. Solid circles are InSb pillars (chapter 3) and InAsSb 

pillars (chapter 4). Solid line shows the theoretical fit to the MWIR results obtained from Ref. [4.13], 

dashed line is the linear fit to experimental data. 

 

As discussed in the introduction, the absorption peaks in the pillars of figure 4.5a 

(spanning from 8.1 mm to 16.2 mm, indicated by an arrow) are due to the HE11 optical 

resonance mode in the pillar. Due to the electromagnetic boundary conditions of the HE11 

mode, the peak absorptance wavelength roughly corresponds to the condition D ~ l/2n 

where l is the incident wavelength and n is the refractive index of the pillar; i.e., a half-
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wavelength of light ñfitsò within the pillar diameter. Hence, the peak absorptance 

wavelength is proportional to the pillar diameter, and red-shifts with increasing diameter. 

It is noteworthy that the optical absorption from the pillar arrays exceeded that from the 

thin film (black line in figure 4.5) due to the strong coupling of incident light into the HE11 

mode. As the pillar diameter increases, new absorption peaks appear at shorter wavelengths 

due to the HE12 and higher order HE1n modes; i.e., the pillars become multi-mode 

waveguides. In addition, the HE1n resonance peaks broaden with increasing diameter due 

to increasing near-field coupling between adjacent pillars [4.13]. 

The average composition of sample A, as measured by XRD (x = 0.81), corresponds 

to a bandgap wavelength of ~11.8 mm [4.8]. Hence, a cut-off is expected in the absorptance 

spectrum of the thin film above the bandgap wavelength of 11.8 mm. Instead, the measured 

absorptance of the thin film in figure 4.5a saturated at a finite absorptance of ~0.3 above 

the expected cut-off wavelength. This finite absorptance is possibly due to tail states arising 

from the material doping and band-edge defect states at the pillar surface or inside the bulk 

(polycrystalline grain boundaries). 

Figure 4.5b depicts the relation between pillar diameter and peak absorptance 

wavelength for previous results in the MWIR range [4.20] and the present results in the 

LWIR range. In the present study, each 100 nm increase in pillar diameter produced a 0.46 

mm increase in peak absorptance wavelength (ɚabs), similar to that observed previously 

[4.20]. As discussed above, the peak absorption wavelength is expected to be proportional 

to the pillar diameter as confirmed in figure 4.5b. Prior optical simulations in the MWIR 
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range also confirmed this red-shift of the peak wavelength with pillar diameter [4.13], as 

shown by the dashed line in figure 4.5b. The present results in the LWIR range are a simple 

extension of that theory to larger pillar diameters. 

Hall effect measurements were performed on the described undoped, p-type doped 

(Be, 5x1018 cm-3), and n-type doped (Te, 5x1018 cm-3) InAsSb thin films grown on semi-

insulating (> 100 ɋ cm) Si (100) substrates (sample A, B, and C, respectively). The results 

are presented in table 4.2. In the table, negative doping values indicates n-type behavior 

and positive doping values indicate p-type behavior. 

Table 4.2 Hall effect measurement results 

Dopant Measured Mobility 

(cm2V-1s-1) 

Measured Doping 

(cm-3) 

Intended Doping 

(cm-3) 

Undoped 1.9 103 -3.5 1017 / 

Be (p-type) 6.2 102 -6.9 1017 +5 1018 

Te (n-type) 4.11 103 -1.5 1018 -5 1018 

 

The Hall effect results indicated that, although the Be doped layer was expected to 

exhibit p-type doping, the measured doping was n-type with a doping concentration of 

6.9 1017
 cm-3. The undoped InAsSb film also demonstrated n-type doping. It has been 

observed that InAs and InAsSb thin films may report n-type results through Hall effect 

characterization [4.39-4.41]. This occurs due to the presence of an electron accumulation 

layer at the thin film surface as this accumulation layer acts as a parallel conductance 

channel [4.41]. This effect is observed more strongly in p-type layers [4.39]. For p-type 

layers, the significantly lower hole mobilities compared to electron mobilities will cause p-

type layers to present n-type behavior with an overall lower measured electron mobility. 
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The surfactant behavior of the dopants may also lead to lower than unexpected doping 

values. Further studies are required to understand the doping behavior. 

4.5 Conclusion 

The ability to grow InAsSb thin films by MBE on Si (100) substrates, utilizing AlSb 

as a buffer layer, was demonstrated. The films were analyzed extensively via XRD and 

were shown to have grown epitaxially on the Si (100) surface with a dominant orientation 

along [100] normal to that of the substrate, and minor orientations caused by twinning. 

Large diameter InAsSb pillars were fabricated by a top-down RIE etching procedure, 

demonstrating the ability to produce consistent diameter and pitch over a wide range of 

values. Multispectral absorption from 8.1 to 16.2 ɛm was demonstrated due to the HE11 

resonance with a peak absorptance controlled by the pillar diameter. The peak absorptance 

wavelength increased by 0.46 ɛm for each 100 nm increase in pillar diameter. 
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Chapter 5 ï Current -Voltage Characterization of 

InSb Photoconductor and Photovoltaic Devices 
 

 Following the work presented in chapter 3 and 4 regarding InSb and InAsSb thin 

film growths and pillar etching, doped p-i-n thin film devices were fabricated to further 

characterize the InSb thin films. 

5.1 Introduction  

InSb is a material of interest for infrared (IR) photodetection. The bandgap of InSb 

is 0.17 eV at 300 K, corresponding to a wavelength of 7.3 ɛm, enabling the mid-wavelength 

infrared (MWIR) regime [5.1]. Of the relevant IR materials for operation in the IR 

wavelengths, InSb has the highest electron mobility at room temperature of 80,000 cm2 V-

1 s-1, compared to a HgCdTe (MCT) electron mobility of 10,000 cm2 V-1 s-1, making it a 

desirable alternative [5.2]. As with MCT, however, InSb has proven difficult to integrate 

with silicon electronics due to the large lattice mismatch of 19.3% between them. InSb 

detectors have been grown on InSb substrates [5.3] or substrates of other III-Vôs such as 

GaAs with a lower lattice mismatch of 14.5% in conjunction with a buffer layer [5.4]. InSb 

has also been grown on Si utilizing a buffer layer consisting of 450 nm of Ge, 200 nm of 

GaAs, and 100 nm of unintentionally doped InSb to alleviate defects caused by lattice 

mismatch [5.5].  A photodetector device, containing an InAsSb barrier layer, demonstrated 

a responsivity of 0.7 A/W and a quantum efficiency of 16.3% at 80 K [5.5]. A more 

complicated buffer system on Si, consisting of AlSb, GaSb and the formation of InSb 
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quantum dots, was used for InSb growth on (100) Si [5.6]. If the buffer layer was formed 

in a way to ensure a top layer of AlSb before the primary InSb growth, the InSb film 

demonstrated a higher mobility and responsivity than if it was on GaSb. Previous studies 

demonstrated the ability for a thin 10 nm AlSb buffer layer on a Si (100) surface to greatly 

promote epitaxial growth of InSb through the formation of AlSb islands [5.7]. To obtain 

bandgap tunability, a ternary alloy of InAs1-xSbx can be made, allowing for a minimum 

bandgap of 0.082 eV at the composition InAs0.36Sb0.64, corresponding to a wavelength of 

15.1 ɛm [5.8]. In this chapter, p-i-n InSb thin films grown on Si (100) are processed into 

InSb photoconductor and photovoltaic devices. 

5.2 Experimental Details 

5.2.1 Thin Film Growth 

Molecular beam epitaxy (MBE) was used to grow a p-i-n junction thin film structure 

of InSb on an n-type (As-doped, Ò 0.005 ɋ cm) Si (100) substrate, utilizing a thin AlSb 

buffer layer to assist in mitigating defects caused by a large lattice mismatch, as reported 

in the earlier chapters. A schematic of the intended device structure is shown in figure 5.1. 

Prior to loading into the MBE, the substrates were rinsed in buffered HF for 1 min to 

remove native oxide. The substrates were degassed at 300 °C for 15 min in a preparation 

chamber before transfer into the main deposition chamber. Antimony flux was supplied 

through a 3-stage valved cracker effusion cell, aluminum and indium were supplied through 

a standard solid-source effusion cell, and arsenic was supplied as As2 by a gas cracker from 

an AsH3 source. To start the growth, a V/III ratio of 2 and a growth rate of 0.1 ɛm h-1 for 6 
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min yielded an AlSb buffer layer of 10 nm thickness. The InSb layers were grown with a 

V/III ratio of 1.2 and a growth rate of 0.5 ɛm h-1. The undoped InSb region was grown for 

4 h resulting in a 2 ɛm thickness. The p-type region was doped with nominally 2x1018 cm-

3 of Be from a solid-source effusion cell, and was grown for 1 h resulting in a 0.5 ɛm 

thickness. The substrate was held at 600 °C for all portions of the growth, since prior 3D 

X-ray diffraction (XRD3) studies demonstrated higher quality epitaxial growth on the 

lattice mismatched Si substrate at this temperature [5.7]. In Figure 5.1, i-InSb indicates 

intrinsic InSb, although unintentional doping means the film will not be intrinsic but likely 

n-doped as described by Hall measurements in chapter 4. 

 

Figure 5.1 a) Cross-sectional view of thin film growth and photovoltaic device structure. b) 

Schematic of the photoconductive device. 
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5.2.2 Photolithography and Pattern Description 

MicroChem LOR 5A lift-off resist was spun onto the InSb thin film sample at 4000 

RPM for 30 s and soft-baked at 185 °C for 3 min. This initial layer of LOR 5A is intended 

to aid with lift-off after metal deposition, specifically with the smaller 5 µm and 10 µm 

features of the interdigitated photoconductor contact pattern. MICROPOSIT S1818 was 

then spun onto the sample at 4000 RPM for 30 s and soft-baked at 110 °C for 2 min.  

The Heidelberg µPG 101 direct write system was used to transfer two custom 

designed patterns corresponding to a photoconductive and photovoltaic device, as shown 

in figure 5.2. The interdigitated photoconductor pattern consisted of a 4x4 grid of two 

0.5x1.0 mm2 rectangular contact pads separated by 1 mm long interdigitated fingers of 

varying width (W) and separation (S) combinations of 5 µm, 10 µm, 30 µm and 100 µm. 

The convention used to identify a pad is Wx Sy, indicating a x ɛm width and y ɛm 

separation. The square top contacts for photovoltaic devices consisted of three initial square 

patterns of 500x500 ɛm2, 250x250 ɛm2, and 100x100 ɛm2 areas comprised of a thin (12.5 

nm) Ti layer, allowing for illumination of the thin film through the semi-transparent Ti 

window. Contact pads overlapped each Ti window, leaving 350x350 ɛm2, 180x180 ɛm2 

and 60x70 ɛm2 exposed for illumination. 
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Figure 5.2 Schematic depicting Au the patterns for contacting the InSb thin film. (a) The 

photoconductor interdigitated finger pattern with various finger width (W) and separation (S) 

combinations in a 4x4 array, along with a magnified example of a single width and separation 

combination. (b) The photovoltaic top-contact pattern demonstrating the square pattern for the thin 

Ti windows (grey) and the Au overlay (yellow) used to border the Ti windows for electrical probing. 

 

Following photoresist exposure, the samples were given a toluene bath for 6 min to 

prevent development of unexposed regions. The samples were then developed in 

MICROPOSIT MF319 for 75 s checking with a light microscope periodically to ensure 

adequate development of the exposed regions. Following development, the metal top 

contacts for both the photovoltaic and photoconductive devices were deposited by electron-

beam physical vapor deposition (EBPVD). The thin Ti window for the photovoltaic device 
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was deposited at a rate of 1 Å/s until a Ti layer of approximately 12.5 nm thickness was 

attained. After Ti deposition, an overlapping contact pad was deposited for electrical 

probing, which consisted of 15 nm of Ti deposited at a rate of 0.5 Å/s followed by 150 nm 

of Au deposited at a rate of 2 Å/s. The latter Ti/Au deposition was also used for the square 

photovoltaic contact pads.  

Following EBPVD, lift-off was performed to obtain the final contacts. Lift-off was 

performed with a Remover PG bath overnight, followed by a brief sonication and gentle 

agitation in acetone, followed by observation with a light microscope to check lift-off 

success prior to scanning electron microscopy (SEM). Post lift-off, an Al back contact was 

deposited on the Si substrates via a Torr International sputtering system. Al was sputtered 

at a rate of ~1 Å/s until a thickness of 4000 Å was achieved. To ensure Ohmic contacts, 

rapid thermal annealing was performed at 315 °C for 30 s [5.9]. For probing purposes, the 

finished samples were bound to copper, Si side down, with EPO-TEK H20E silver epoxy 

and cured on a hotplate at 120 °C for 15 min. SEM images of the finished photoconductive 

devices are shown in figure 5.3. 
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Figure 5.3 SEM images of the completed interdigitated finger top-contact for photoconductive 

studies. The finger separations presented in all images is 5 ɛm. The finger widths are a) 10, b) 30, 

and c) 100 ɛm. Image d) depicts W10 S5 at a higher magnification, showing the end of an individual 

finger. 

 

FTIR was performed on a separately grown InSb thin film. An undoped 2.5 ɛm thick 

InSb thin film was grown on an undoped Si (100) substrate to avoid free-carrier absorption, 

allowing transmittance measurements by FTIR. This undoped InSb thin film growth was 

previously reported in detail in chapter 3. FTIR was performed using a BRUKER Hyperion 

3000 with a halogen source and MCT detector. The thin film absorptance spectra was 

measured with a 15x objective lens and was calculated as A=1-R-T where A is the 

absorptance, R was the measured reflectance spectrum and T was the measured 

transmittance spectrum. Identical measurement conditions were used to obtain background 

spectra prior to each measurement. Reflectance background measurements were taken on 
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a gold-coated glass slide, and transmittance background measurements were taken through 

unobstructed air through an opening in the sample stage.  

J-V characteristic measurements were performed with a custom-built measurement 

setup. A Keithley 2400 sourcemeter was used to apply a voltage ranging from -0.2 V to 0.2 

V between the interdigitated finger contacts for the photoconductor arrangement, and 

through the p-i-n structure for the photovoltaic arrangement as depicted in figure 5.1. 

Measured current values were normalized to the area between the interdigitated contacts 

for the photoconductor devices, or the Ti window area for the photovoltaic devices. 

Photocurrent measurements were performed using both IR and solar illumination. IR 

illumination was provided by a Thorlabs SLS203L with a silicon carbide globar light source. 

The globar source provides emission in the wavelength range of 500 ï 9000 nm and a 

spectrum that is comparable to a blackbody source at 1500 K. The output of the IR source 

was focused with a CaF2 lens to a spot 5 mm in diameter centered on the Ti window for the 

photovoltaic devices, and on the interdigitated fingers for the photoconductive devices. The 

Thorlabs IR source specifies a power of 1.5 W at the output port. When focused to a spot 

diameter of 5 mm in our J-V measurement setup, this corresponds to a power density of 

7500 mW/cm2. Assuming each photon generates one EHP, a maximum photocurrent of 

1.2x104 mA/cm2 is expected from devices under the IR illumination. For solar illumination 

of the samples, a Newport 150 W xenon arc lamp was used to simulate the AM1.5G solar 

spectrum. Assuming each photon generates one EHP, a maximum photocurrent of 70 

mA/cm2 is expected from devices under the solar illumination.  
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5.3 Results and Discussion 

5.3.1 SEM and FTIR of InSb Thin Films 

The SEM image in figure 5.4(a) depicts a planar view of the p-i-n InSb thin film 

surface, indicating a polycrystalline film structure. Clear grain boundaries are seen with 

size between 1 ɛm and 5 ɛm. Measured and expected FTIR data are presented and 

compared in figure 5.4(b). The expected absorptance data is calculated from InSb complex 

refractive index data [5.10], with measured data performed on the undoped InSb thin films 

grown on transparent undoped (>100 ɋĿcm) Si (100) substrates outlined in chapter 3. The 

p-i-n structure InSb thin film on an n-type (As-doped, < 0.005 ɋĿcm) Si (100) substrate 

used for the devices is also presented, showing complete absorption in the IR region. 

Measurements performed on the n-type Si substrates themselves demonstrated the same 

complete absorptance indicating significant absorptance of the doped Si substrate in the IR 

region due to free carrier absorption. The bandgap energy of InSb at 300 K is about 0.17 

eV [5.1], corresponding to a wavelength of 7.29 ɛm. The absorptance data measured by 

FTIR for the InSb demonstrated a good comparison to theoretical data with a downwards 

trend to roughly 7.3-7.4 ɛm before leveling off beyond this. In general, the measured 

absorptance is higher than the theoretical absorptance. This can potentially be attributed to 

reflectance scattering from the polycrystalline surface leading to a perceived higher 

absorptance. 
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Figure 5.4 Analysis of InSb thin films. (a) Plan view SEM image of the p-i-n InSb thin film growth. 

(b) FTIR results comparing measured undoped InSb data (black-solid) to expected data (black-

dashed), and to p-i-n structured InSb on an As doped (< 0.005 ɋĿcm) Si (100) substrate (red-solid). 
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5.3.2 Dark J-V Characteristics of InSb Thin Film 

Photoconductor Devices 
 

Dark current-voltage (J-V) measurements performed at room temperature on the 

InSb thin film photoconductor devices are presented in figure 5.5. The measured dark 

current was symmetric under positive and negative bias, and linear near 0 V bias as seen in 

the inset of figure 5.5. This behavior is expected for a photoconductor device that behaves 

essentially as a resistor. The non-linear behavior with increasing bias may be due to 

Schottky barriers associated with the metal-semiconductor contacts, or barriers formed at 

the polycrystalline grain boundaries of the InSb film. Figure 5.6(a) shows the J-V 

characteristics for fixed finger separation (S=100 mm) and varying finger width (W=10, 30, 

100 mm). Figure 5.6(b) shows the J-V characteristics for fixed finger width (W=10 mm) 

and varying finger separation (S=5, 10, 30, 100 mm). It is seen that for a fixed finger 

separation distance of S = 100 ɛm, increasing the finger width from W = 10 ɛm to W = 100 

ɛm acted to increase the measured current (figure 5.6(a)). This may be explained by a 

decrease in finger resistance as finger width increases. It is also seen that for a fixed finger 

width of W = 10 ɛm, decreasing the finger separation distance from S = 100 ɛm to S = 5 

ɛm acted to increase the measured current (figure 5.6(b)). This may be explained by fewer 

polycrystalline grain boundaries along the conduction path as the contact separation 

decreases, since the polycrystalline grain size is on the order of microns.  Our observations 

have similarly been observed on GaAs interdigitated contact devices [5.11]. It should be 

noted that the p-InSb and i-InSb layers of the photoconductor device may actually be n-

doped, similar to the InAsSb Hall data (chapter 4). Thus, the entire InSb structure as well 
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as the Si substrate may contribute to an n-type conduction path, yielding the high current 

densities observed in figure 5.5. 

 

Figure 5.5 Dark J-V characteristics for select finger width and separation combinations presented 

on a semi-log plot. The inset depicts the same data in a linear plot. 

 

Figure 5.6 Dark J-V characteristics demonstrating the trends for (a) a fixed finger separation, and 

(b) a fixed finger width. 
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5.3.3 Dark J-V Characteristics of InSb Thin Film Photovoltaic 

Devices 
 

Dark current-voltage (J-V) measurements performed at room temperature on the 

InSb photovoltaic devices are presented in figure 5.7. The measured dark currents of the 

photovoltaic devices showed negligible rectification and were similar in magnitude to the 

photoconductor results in figure 5.5. This suggests that the p-i-n structure was not providing 

an effective diode. Indeed, as mentioned above, the Hall measurements described in chapter 

4 indicated that the intended p-type doping may actually be n-type. Thus, the p-i-n structure 

is acting essentially as a resistor (photoconductor device) between the top and bottom 

contacts. 

 

Figure 5.7 Dark J-V characteristics for select square contact areas on a semi-log plot. The inset 

depicts the same data in a linear plot. 
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5.3.4 Thin Film Photocurrent Results 

J-V measurements were performed on the photoconductor device and photovoltaic 

device under IR and solar illumination as presented in figure 5.8. Figure 5.8 shows the 

difference between the current measured under illumination and dark conditions (i.e., the 

photogenerated current). An increase in measured current consistently occurred for both 

the photoconductor and photovoltaic devices under both IR illumination and solar 

illumination, indicating electron-hole pair (EHP) generation.  

Under IR illumination, the main contributor to EHPs is expected to be the InSb thin 

film. However, the doped n-type Si substrate was observed to be opaque in the IR region 

by FTIR, indicating absorption from the Si substrate as well. The W10 S5 interdigitated 

contact photoconductor device (figure 5.8(a)) showed a much higher IR photocurrent 

compared to the other devices, with a value of about 3500 mA/cm2 at ±0.2 V. This increase 

in photocurrent with decreasing contact separation could be attributed to fewer InSb 

crystallites between the contacts, as discussed earlier. In general, the remaining 

interdigitated contacts yielded more tightly grouped IR photocurrent values up to 500 

mA/cm2 at ±0.2 V.  

Under solar illumination (figure 5.8(b)), the photocurrent from the photoconductor 

devices tended to be higher than under IR illumination. The photocurrent ranged from 500 

mA/cm2 to 1500 mA/cm2 at a reverse bias of -0.2 V, and 1000 mA/cm2 to 3000 mA/cm2 at 

a forward bias of 0.2 V. These photocurrents exceeded the maximum value expected under 

solar illumination (70 mA/cm2) by several orders of magnitude, suggesting that the device 
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structure was behaving as a photoconductor with internal gain. Further studies are required 

to determine the origin of this gain mechanism, but it may be due to the Si substrate acting 

as the photoconductor. 

 

Figure 5.8 Measured photocurrent obtained from the InSb photoconductor and photovoltaic 

devices. The photoconductor device under (a) IR illumination and (b) solar illumination and the 

photovoltaic device under (c) IR illumination and (d) solar illumination. The inset of c and d present 

the photocurrent on a smaller current range. 
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reverse bias to 85 mA/cm2 under forward bias. Under solar illumination, the photocurrent 

ranged from 350 mA/cm2 under reverse bias to 730 mA/cm2 under forward bias. The 

photocurrents collected from the 350x350 ɛm2 area window and the 180x180 ɛm2 area 

window were comparable, with the current measured from the 60x70 ɛm2 window 

containing more noise. As with the photoconductor device, the photovoltaic deviceôs 

photocurrent was higher under solar illumination and exceeded the maximum expected 

photocurrent of 70 mA/cm2. Again, this suggests that the photovoltaic devices were 

behaving as photoconductors with internal gain, probably from the Si substrate. Negligible 

open-circuit voltage was obtained from the photovoltaic devices, again indicating issues 

with creation of the p-i-n junction. 

5.4 Preliminary InSb Pillar Device 

5.4.1 InSb Pillar Device Fabrication 

Completed pillar arrays outlined in chapter 3 were fabricated into a device for 

preliminary testing. During device processing, benzocyclobutene (BCB) was deposited by 

spin-coating onto the pillars to planarize the surface for contact deposition. The spun BCB 

is thicker than the length of the pillars, but is back-etched by RIE to expose the tops of the 

pillars for contacting. An SEM image of the exposed pillar tips of InAsSb pillars outlined 

in chapter 4 is shown in figure 5.9(a) to demonstrate the process (SEM images of the back-

etched BCB of the preliminary InSb pillar device were not obtained). To assess the effect 

of the BCB on the optical absorptance, FTIR was performed on the pillars post-BCB back-

etch, and on BCB spun on a transparent undoped Si (100) substrate. The pillar array 
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presented has D: 1700 nm and P: 4000 nm. The FTIR spectrum, shown in figure 5.9(b), 

shows absorptance peaks associated with BCB predominantly in the LWIR, with a narrow 

peak at 8 ɛm, a large broad peak at about 9.5 ɛm, and a pair of overlapping peaks from 

11.5-13 ɛm. These are seen clearly in the measurement performed on BCB itself (black), 

and are seen interfering with the HE11 resonant absorption peak of the back-etched BCB 

coated pillar array (blue), when compared to the pillar array with no BCB (red). The overall 

absorptance of the resonant peak is reduced, with obfuscation due to the peaks attributed to 

the BCB. Although the BCB interferes to a degree, the HE11 peak is still visible. 

 

Figure 5.9 (a) SEM images of back-etched BCB-coated InAsSb pillar structures. (b) FTIR results 

demonstrating the effect of back-etched BCB on pillar absorption for a select array of D: 1700 nm 

and P: 4000 nm. FTIR performed on a ~2.6 ɛm thick BCB layer on the same undoped Si (100) 

substrate is included for comparison. 
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With the BCB back-etched and FTIR performed, Al was sputtered on the rear of an 

InSb sample (on the Si substrate) at a rate of ~1 Å/s until a thickness of 4000 Å was 

achieved as a back-contact. Thin (~10 nm) semi-transparent Ni windows were deposited 

by EBPVD on four individual pillar arrays with (D, P) combinations of (900 nm, 3000 nm), 

(1100 nm, 3000 nm), (1300 nm, 3500 nm), and (1500 nm, 4000 nm). Following the Ni 

window, a top contact was then deposited by EBPVD slightly overlapping the Ni window, 

consisting of Ni/Ge/Au at thicknesses of 25/50/225 nm. The area of the Ni window 

covering the InSb pillar array is approximately 400x400 ɛm2, corresponding to 0.0016 cm2. 

The measured current was normalized to this area. 

5.4.2 InSb Pillar Dark Current Results 

Dark J-V measurements performed at room temperature on the InSb pillar devices 

are presented in figure 5.10. The measured dark current was asymmetric under positive and 

negative bias ranging from -2 to 2 V. The inset presenting the data on a linear scale 

demonstrates the asymmetry more clearly with current rectification characteristic of a 

photodiode. A steady reverse saturation current I0 is observed for each pillar array under 

dark conditions with the D: 900 nm P: 3000 nm array yielding a lower I0 of 0.04 mA/cm2, 

and the other three arrays being more tightly grouped in the range of 0.16-0.22 mA/cm2. 

Under forward bias, an exponential increase in current occurs. Although diode rectification 

is observed, the origin of it within the sample is not clear as the sample consisted of a single 

undoped InSb thin film growth on an undoped (>100 ɋĿcm) Si (100) substrate. The 

rectification may be due to the band offsets at the InSb/Si heterointerface, or a Schottky 

contact on the InSb and/or Si substrate.  
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Figure 5.10 Dark J-V characteristics for four InSb pillar diameter and pitch combinations presented 

on a semi-log plot. The inset depicts the same data in a linear plot. 

 

5.4.3 InSb Pillar Photocurrent Results 

J-V characterization was performed on the pillar devices under IR illumination, with 

representative data presented in figure 5.11 for the D: 1100 nm and P: 3000 nm array. The 

inset shows the data on a linear plot. Although photocurrent is generated, an unusual kink 

is observed near zero bias. The photocurrent generated from each pillar array, taken to be 

the absolute value of the difference between IR illuminated and dark current, is presented 

in figure 5.12(a). To confirm that photocurrent generation was occurring in the InSb pillars 

and not the Si substrate itself, bandpass filters were used to isolate wavelength regions 
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centered at 4.75 ɛm, 5.75 ɛm, 6.5 ɛm, and 7.5 ɛm. Each filter had a full-width-at-half-

maximum of about 0.5 ɛm. J-V characterization performed with the filters in place is 

presented in figure 5.12(b), demonstrating the photocurrent measured with each filter for 

the pillar array with D: 900 nm and P: 3000 nm. The photocurrent measured under full IR 

illumination for each array ranges from roughly 1.12 to 4.24 mA/cm2 at -2 V. For the D: 

900 nm P: 3000 nm array, the value is 1.93 mA/cm2 at -2 V. With the filters in place, the 

photocurrent measured for this array at -2 V is in the range of 0.006-0.0075 mA/cm2, 2 

orders of magnitude lower than during full IR illumination, but still discernable from the 

dark current. With the array of interest having a peak absorption wavelength of roughly 

4.85 ɛm, it was expected that illumination while using the bandpass filter centered at 4.75 

ɛm would yield the highest measured photocurrent, but this was not the case. In general, J-

V characterization using the filters was not consistent with what would be expected, 

although photocurrent generation was still observed with the filters in place, possibly 

indicating contribution from the InSb pillars. The small values of photocurrent measured 

with the filters in place, on the order of ɛA/cm2, may require cooling of the device or 

processing with a lock-in amplifier to study further. 
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Figure 5.11 J-V characterization under IR illumination compared to dark current for the pillar array 

with D: 1100 nm and P: 3000 nm on a semi-log plot. The inset depicts a linear plot. 

 

Figure 5.12 (a) Photocurrent measured for each pillar array under full IR illumination. (b) 

Photocurrent measured for the D: 900 nm P: 3000 nm pillar array taken under filtered IR 

illumination. 
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5.5 Conclusion 

p-i-n structure InSb thin films were grown on n-Si (100) substrates via MBE and 

processed into thin film IR devices; photoconductor devices with varying interdigitated 

finger contact geometry, and photovoltaic devices with varying top-contact collection 

window areas. Dark current values measured for both the photoconductor and photovoltaic 

devices were high and ohmic, indicating that the p-i-n diode was ineffective at rectification 

due to doping issues. Photocurrent measurements were obtained for both the 

photoconductor and photovoltaic devices under IR and solar illumination, indicating the 

presence of photogenerated EHPs for both devices. The highest measured photocurrent of 

about 3500 mA/cm2 was obtained from the W10 S5 interdigitated contact, with all the other 

combinations showing lower photocurrents of about 500 mA/cm2 at ±0.2 V. The higher 

photocurrent of the W10 S5 contact geometry is explained by this contactôs finger width 

being much closer to the grain size of crystallites in the thin film.  

Preliminary InSb pillar devices were fabricated from undoped InSb pillars on a 

highly resistive Si (100) substrate. Although no intentional p-n junction was introduced, 

the pillar devices demonstrated current rectification. Photocurrent generation was observed 

under full IR illumination for each of the four pillar devices. The use of bandpass filters in 

the LWIR region demonstrated contribution of the InSb pillars in photocurrent generation. 
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Chapter 6 ï Focused Ion Beam Etching of Single 

Pillar Structures 
 

 FIB etches were performed on an undoped InAsSb thin film growth on undoped (> 

100 ɋĿcm) Si (100) substrates (outlined in chapter 4) for optical characterization on single 

pillar structures. Etching was performed with a FEI Versa 3D Dual Beam system. As 

mentioned in section 2.2.4, the optical properties of NW structures allow for not only 

enhanced absorption at a wavelength-dependent NW diameter, but also for enhanced 

absorption over an area exceeding that of the NW cross-sectional area. This allows for 

single NWs to demonstrate enhanced optical absorption seen in NW arrays. The initial 

pattern for FIB etching consisted of a single pillar, a 2x2 array, and a 3x3 array, all with 

pillars of 1.7 ɛm diameter (and 4 ɛm pitches for the arrays). The second pattern used for 

FIB etching consisted of a 1 ɛm diameter single pillar, a 1.7 ɛm diameter single pillar, a 

2x2 array consisting of 1.7 ɛm diameter pillars with a 4 ɛm pitch, and a 2x2 array consisting 

of a 1.1 ɛm, 1.5 ɛm, 1.9 ɛm, and 2.3 ɛm diameter pillar with a 5 ɛm pitch. Low 

magnification SEM images of the FIB etches depicting the patterns are shown in figure 6.1. 

It can be seen with the initial etches in figure 6.1a that excessive etching was done creating 

a well into the Si substrate around each pillar. The second etch was performed in order to 

reduce this effect, and to introduce a 2x2 array of pillars with varying diameters. Higher 

magnification images are presented in figure 6.2. Figures 6.2(a)-(c) present the first etch 

and the over etching is more clearly seen.  Figures 6.2(d)-(f) are of the second etch, showing 

the multi-diameter array. 
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Figure 6.1 Plan view SEM images taken with the FEI Magellan of (a) the initial etch consisting of 

a single pillar, a 2x2 array, and a 3x3 array, and (b) the second etch consisting of 2 single pillars of 

different diameters, and two 2x2 arrays with one containing pillars of the same diameter, and the 

next containing pillars of varying diameters. The scale bar in (b) applies to both images. 

 

Figure 6.2 30° tilted SEM images taken of the initial FIB etch depicting (a) a single 1.7 ɛm diameter 

pillar, (b) a 2x2 array of 1.7 ɛm diameter pillars, and the second FIB etch depicting (c) a 3x3 array 

of 1.7 ɛm diameter pillars, (d) a single 1 ɛm diameter pillar, (e) a 2x2 array of 1.7 ɛm pillars, and 

(f) a 2x2 array of a 1.1 ɛm, 1.5 ɛm, 1.9 ɛm, and 2.3 ɛm diameter pillar. The scale bar in (f) is 

applicable for all images. 
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FTIR measurements were performed with a Bruker Vertex 70 and the Hyperion 

3000 microscope on both the first and second etch sets, as presented in figure 6.3. Figure 

6.3(a) presents FTIR measurements performed on the first FIB etch in which a single pillar 

(orange), a 2x2 array (blue), and a 3x3 array (yellow) were created, all pillars having a 

diameter of 1.7 ɛm. For comparison, a full 300x300 ɛm2 array produced by EBL from 

chapter 4 with pillar diameter of 1.7 ɛm and pitch of 4000 nm is also shown (black). Figure 

6.3(b) presents the measurements performed on the second FIB etch for a single 1.7 ɛm 

diameter pillar (orange), and the 2x2 array of 1.7 ɛm diameter pillars (blue). In both cases 

no obvious sharp resonant peak was observed where it would be expected. This may be due 

to Ga deposition occurring during the FIB etch process that obscures the pillar absorptance.  

 

Figure 6.3 FTIR results obtained for (a) the initial etch pattern, and (b) the etch pattern done to 

reduce undercutting into the substrate. 
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To confirm the presence of Ga, EDS was performed on the 4x4 multi-diameter array 

using the FEI Magellan SEM. EDS results are presented in figure 6.4. The EDS mappings 

revealed a high Si signal from the circular etched region around the pillars corresponding 

to the Si substrate. A significant Ga presence is also observed in the FIB etched region, 

confirming that Ga was deposited during the milling process. Attempts to selectively etch 

the Ga should be attempted in the future. 

 

Figure 6.4 (a) SEM image of the 2x2 array consisting of pillars of varying diameters and a 5000 

nm pitch. (b) EDS mapping of Si presented in blue. (c) EDS mapping of Ga presented in purple. 

Signal from In, As, and Sb was present representing the pillar and surrounding thin film and is 

omitted. 
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Chapter 7 ï Conclusion and Future Prospects 
 

7.1 Thesis Summary 

 The InSb and InAsSb material system was investigated for MWIR and LWIR 

multispectral absorption. Absorption wavelength tunability was achieved through the 

manipulation of pillar diameter and pitch, as opposed to altering the material composition 

of the system, by utilizing the unique optical properties that NW structures offer. 2.5 ɛm 

thick InSb and InAsSb thin films were successfully grown on undoped (> 100 ɋĿcm) Si 

(100) substrates by MBE with a thin 10 nm thick AlSb buffer layer used to alleviate defects 

due to the large lattice mismatch between InSb, InAsSb, and Si, and promote epitaxial 

growth. SEM and XRD were used to demonstrate improvements in thin film growth quality. 

A top-down fabrication method utilizing EBL and ICP-RIE was used successfully to 

achieve 300x300 ɛm pillar arrays with pillars ranging in diameter from 300-1500 nm (InSb) 

and 1700-4000 nm (InAsSb), and pitches ranging from 1000-3000 nm (InSb) and 4000-

6000 nm (InAsSb). Etches were successful and consistently demonstrated large scale pillar 

arrays. FTIR measurements of the InSb pillars demonstrated wavelength tunability from 

1.61 µm to 6.86 µm with a 100 nm increase in pillar diameter corresponding to a 0.53 ɛm 

increase in peak absorption wavelength. Measurements of the InAsSb pillar arrays 

demonstrated wavelength tunability from 8.1 to 16.2 ɛm with a 100 nm increase in pillar 

diameter corresponding to a 0.46 ɛm increase in peak absorption wavelength. Overall FTIR 

measurement data is presented in figure 7.1 demonstrating the ability for MWIR and LWIR 

tunability with the InAsSb material system.  
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Figure 7.1 Complete FTIR results for InSb (dashed) and InAsSb (solid) pillars. 

 

Single pillar structures were etched from the InAsSb thin film by Ga ion FIB etching 

to observe enhanced optical absorption from a single pillar. SEM confirmed successful 

pillar etches. EDS confirmed Ga deposition around the etched structures which may be 

interfering with local FTIR measurements at the immediate etch site.  

Be-doped p-InSb thin films were grown on n-type Si (100) substrates in an attempt 

to form a p-i-n junction. Interdigitated photoconductor devices with varying finger contact 

geometry, and photovoltaic devices with varying top-contact collection window areas were 

processed. Dark current values measured for both devices were high and ohmic, indicating 

that the p-i-n diode was ineffective at rectification. Hall effect measurements performed on 

doped and undoped InAsSb thin films indicated a strong n-type behavior even with an 

intended p-type doping, demonstrating potential issues with the doping process. 

Photocurrent measurements were obtained from the InSb thin film devices under IR and 






