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Photodetectors (PDs) detecting mid-wavelength infrared (MWIR) region 

has been developed for the military applications for the first time by some 

developed countries, these days they have been widely used in the field of 

industry, medical and astronomy. Hence the market of IR PDs has been 

expanded significantly. However, the fabrication technology of IR PDs was 

selected as a key technology for military application, exportation to abroad or 

other countries are strictly restricted. On the other hand, the fabrication 

technology of IR PDs in Korea is positioned at low level to study 

fundamental technologies hence huge gap are existed.  
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Indium antimonide (InSb) is one of the suitable materials for MWIR 

detection due to the band gap of 0.23 eV at 77 K and its high electron 

mobility. To fabricate IR PDs, diffusion or ion-implantation of p-type dopant 

into n-type InSb substrate were generally adopted. However, these methods 

produced the surface defects, acting as the trap centers. Hence, device 

performances can be degraded due to the leakage current. In order to improve 

device performances, epitaxial growth of InSb was conducted. Unlike to 

other As, P and N related material growth, it has lots of difficulties in the 

epitaxial growth of InSb. Even though there are lots of difficulties, in this 

thesis, InSb epitaxial layers were grown by low pressure metalorganic 

chemical vapor deposition to obtain high quality of InSb epitaxial layers and 

its morphological, structural, electrical and optical properties was 

systematically investigated. For the device application, surface passivations 

for InSb were thoroughly investigated using ZnS films.  

 

First prerequisites to growth high quality of InSb epitaxial layers was how 

to prepare the substrate for the epitaxial growth, called the preparation of epi-

ready substrate. Although the preparation of well prepared substrate is very 

important process, it was not easy due to the low vapor pressure of Sb and no 

hydride precursors of Sb. Due to the these facts, thermal cleaning without Sb 

overpressure was reported. I noticed, however, that Sb overpressure during 

thermal cleaning process is necessary process in order to suppress 

undesirable byproducts. The thermal cleaning under H2 ambient produces the 

In droplets surrounded by rectangular etch pits on InSb surface due to the 

selectively evaporation of Sb. Because, Sb has a much higher vapor pressure 
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than that of In. The formation of rectangular etch pits were reflected by the 

etching characteristics of zincblende structures. This preparation method of 

substrates found to influence on the crystal quality of InSb epitaxial layers. 

 

In order to growth high quality of InSb epitaxial layers, growth parameters 

i.e., V/III ratio and growth temperature, were varied to find optimized growth 

conditions and its morphological, structural, electrical and optical properties 

were investigated. Optimized growth condition in this thesis found to be a 

growth temperature of 490 oC under V/III ratio of 8.8. With decreasing V/III 

ratio at low growth temperature such as 450 and 470 oC, In droplets were 

formed on the surface due to the insufficient supply of Sb. They were 

removed with increasing V/III ratio. At low V/III ratio at higher temperature 

of 490 or 510 oC, the formation of In droplets were prohibited due to the 

sufficient Sb supply, implying that TMSb was not fully decomposed in the 

investigated growth temperature ranges. Based on the growth behaviors of 

InSb, InSb growth rate was controlled by the surface reaction kinetics, called 

kinetically limited. It was dependent on the TMIn mole fraction but 

independent on the TMSb mole fraction. These growth behaviors represented 

that TMIn was also not fully decomposed in this growth temperature regions.  

From the optical properties analysis, two dominant phenomena were 

observed. Growth parameters influenced on the optical quality of InSb 

epilayers. When the InSb were grown at non-stoichiometric growth condition, 

indium interstitial defects were incorporated into InSb epitaxial layers, 

affecting the reduction of band gap energy. Second, the origin of new PL 

emission, which has not been reported yet, was investigated. It was originated 

from the carbon due to the uncomplete decomposition of metaloranic 
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precursors.  

 

Properties of ZnS were studied for the InSb surface passivation material. 

Until now, SiO2 passivation material has been widely used but it showed 

degradation during the deposition or after deposition at the interface regions. 

In order to overcome these problems, new material was studied. After 

deposition of ZnS, interface properties showed the similar quality with 

interface trap density of 2 x 1011 cm-2eV-1 compared to SiO2. It was found 

that surface leakage currents were reduced by depositing slightly non-

stoichiometric ZnS films due to the charge compensation effects. It produces 

the flat-band voltage conditions, restricting the formation of surface leakage 

current paths.  

 

The effectiveness of ZnS passivation deposited under optimized condition 

was investigated. The dark current of the sample passivated ZnS films were 

more than one order of magnitude reduction compared to the unpassivated 

sample. By comparing the sample passivated SiO2, it was also much effective 

way to reduce surface leakage current. Differential resistance area product at 

zero bias (RoA) was extracted from the current-voltage measurement. It 

shows that 1.6 x 104 Ω cm2 was obtained from the ZnS passivated InSb 

devices. It was decreased to 2 x 103 Ω cm2 and 31 Ω cm2 when the SiO2 

and unpassivated films were deposited, respectively. The reduction of surface 

leakage current also influence on the spectral response, responsivity and 

detectivity. All devices show the spectral response in the wavelength range 

between 1 to 5.5 m where maximum intensities were observed near 5.5 m. 

However, the strong intensity of spectral response when ZnS deposited was 
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observed and it was decreased when SiO2 and unppassivated films were 

deposited. In case of ZnS deposition sample, spectral response was even 

observed near 220 K, implying that crystal quality was very high. From the 

responsivity and detectivity measurements at 77 K, maximum intensity of 

responsivity was observed near 5.18 m. The corresponding detectivity show 

the strong intensity when ZnS films were deposited but it was reduced when 

InSb surface were not passivated.  
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Chapter 1. Introduction 

 

1.1. Infrared fundamentals 

 

1.1.1. Infrared (IR) history 

 

From the historical views, visible light is the only known part of the 

electromagnetic spectrum. The first “infrared (IR) detection systems” were 

used by the ancient Egyptians in around 3000 B. C. as they moved their 

hands over the body sensing changes in temperatures. Later, in 400 B.C., the 

Greek philosopher and physician Hippocrates wrote, “In whatever part of the 

body with excess heat or cold is felt, the disease is to be discovered”. He 

would identify the disease parts from human body by covering the thin layer 

of mud. If the covered mud would be dried faster, compared to the other parts, 

he recognizes the disease part and tissues due to the more radiated heat than 

healthy parts. These are the basis for the modern IR medical imaging where 

painful parts of human body is non-invasively recognized and its position 

through the detection of abnormal IR radiation emitted from a human body is 

easily detected. Through old techniques, infrared photodetector technology 

has been significantly improved and provides for sensitivity of a few 

thousandths of a degree Celsius over large area with a high resolution. The 

first discovery of IR electromagnetic radiation was done by astronomer and 

musician Friedrich Wilhelm Herschel, commonly known as William 

Herschel when he worked on designing a telescope for solar observation [1]. 

He used the various filter for sun light and found that there seemed to pass 
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different amount of heat. Based on the different colors corresponded to 

different temperatures, Herschel used a prism to pass the sun light and used a 

thermometer to measure the temperature of refracted light in 1800 [1]. The 

experiment verified and confirmed his hypothesis that the amount of heat can 

be changed with changing color, increasing in temperature from blue to red 

and even to “invisible” region beyond the red. He observed that temperature 

increased from the blue to the red regions of the sun light spectrum and when 

he placed a thermometer at the red region, where no refracted light was 

visible so he observed the highest temperature. This means that, even though 

one could not see it, some form of radiation was incident upon the last 

thermometer, causing it to heat up. Thus, IR radiation, firstly called calorific 

rays, was firstly discovered.  

 

Following Herschel’s experiment in 1800, a number of scientists began 

to more closely investigate the IR region of the spectrum. Most IR detectors 

like thermometer were invented in the similar times. It absorbs the radiation 

and produces a change in some temperature dependent property of the 

material which can be measured such as volume. A few years later, Nobile 

made the first thermopile in 1829 composed of a series of thermocouples that 

was orders of magnitude more sensitive than the thermometer [2]. About half 

a century later, Langley’s invention of the bolometer used platinum 

temperature-dependent electrical resistance as a basis to detect a cow from a 

quarter of a mile away [3]. Whether the incident radiation induces a change 

in volume, voltage, resistance or capacitance of the material, these infrared 

detectors are generally wavelength independent and inherently slow, but can 

operating without cooling.   
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1.1.2. Infrared radiation 

 

All objects are composed of continually vibrating atoms. The atoms 

containing more high energy vibrates more frequently. The vibration of all 

particles including these atoms generates electromagnetic waves. The higher 

temperature of an object, the faster the vibration result in the higher the 

spectral radiation energy. As a result, all objects are continually emitting 

radiation at a rate with wavelength distribution that depends on the 

temperature of the object and its spectral emissivity.  

 

The electromagnetic radiation spectrum from solar radiation is useful in 

describing the characteristics of materials. This spectrum can be classified by 

the wavelength into radio waves, terahertz wave, IR wave, visible, ultraviolet 

(UV), X-ray and gamma rays as shown in Fig. 1.1. An IR radiation is a form 

of radiated electromagnetic energy, located between visible and terahertz 

waves. It is composed of five sub-categories, depending on the wavelength as 

shown in table 1.1. The IR region of electromagnetic radiation covers the 

range from 0.7 m to roughly 1 mm. IR ranges are defined as NIR, SWIR, 

MWIR, LWIR, FIR which are abbreviation of near IR, short wavelength IR, 

mid wavelength IR, long wavelength IR and far IR, respectively.  

 

1.1.3. Infrared source 

 

As mentioned above, all objects which have a temperature, if its 

temperature is above 0 K, emits radiation. For example, the human body at 

room temperature radiates with a maximum spectral intensity at around 10 
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m that is located in the region of LWIR, which is beyond the sensitivity 

range of the human eyes. However, LWIR radiation can be sensed by our 

skin due to the heat generated from the objects. When the temperature of an 

object increase to ~1000 K, the human eye can see some visible light emitted 

by the object. However, most of the spectral radiation can not be detected by 

human eyes. These phenomena can be explained with the blackbody theory. 

 

1.1.4. Concept of blackbody radiation  

 

Radiation emission is usually treated in terms of the concept of a 

blackbody [4]. A blackbody is an object that absorbs all incident radiation, 

and conversely according to the Kirchhoff’s law, is a perfect radiator. The 

energy emitted by a blackbody is the maximum theoretical possible for a 

given temperature. The radiative power, or sometimes represented in the 

number of photon emitted, and its wavelength distribution are given by the 

Plank radiation law. 

 

      [eq. 1-1] 

 

    [eq. 1-2] 

 

Where λ is the wavelength, T is the absolute temperature, h is the 

Plank’s constant, c is the velocity of light, and k is the Boltzmann’s constant. 
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Figure 1.2 shows a plot of these curves for a number of blackbody 

temperatures. As the temperature increase, the amount of energy emitted at 

any wavelength increase and the wavelength of peak emission decrease. The 

latter is described by the Wien’s displacement law. Wien’s law states the 

relationship between the temperature of a blackbody and its peak emission 

wavelength as shown by equation 1-3 and 1-4. 

 

     [eq. 1-3] 

 

    [eq. 1-4] 

 

From the these theory, for instance, we need detectors operating near 10 

m IR ranges if we want to see the objects with around 300 K temperature 

such as people and animal. For the detection of much hotter objects such as 

car and jets engines or missiles, the detectors operated at much shorter 

wavelength in the region from 3 to 5 m is needed. 

 

 

 

 

 

 

 

 

mKTmw  2898 for maximum watts

mKTmp  3670 for maximum photons
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Fig 1.1 A chart of the electromagnetic spectrum of solar radiation. It was 

classified by radio, terahertz, infrared, visible, ultraviolet, x-ray and gamma 

ray. The frequency and wavelength of each spectrum are shown. 

 

 

Table 1.1 Spectral regions of IR ranges 

 

Electromagnetic spectrum of solar radiation

NIRSWIRMWIRLWIRFIR

 

Wavelength (m) 

 
0.7-1.4 

 
1.4-3 

 
3-8 

 
8-15 

 
14-1000 

 

Classification of 

IR radiation 

Near 

Wavelengt

h IR (NIR) 

Short 

Wavelengt

h IR 

(SWIR) 

Mid 

Wavelengt

h IR 

(MWIR) 

Long 

Wavelengt

h IR 

(LWIR) 

Far IR 

(FIR) 
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Fig. 1.2. Plank’s law at various blackbody temperatures and wavelength 

regimes 
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1.1.5. Radiation transmission window at atmospheric ambient   

 

Most of the above mentioned application requires IR transmission 

through air because IR moves from object to detector in the air [4]. In reality, 

the IR radiation is attenuated by the scattering and absorption process by 

gases molecules. The radiant flux of a heated object is selectively absorbed 

by the gases constituents of the atmosphere. Water vapor, carbon dioxide, 

and ozone are the most dominant absorbers for each absorption band. IR 

radiation in several regions between 1 and 3 m, and 6.3 m is absorbed by 

water vapor. Strong absorption in the neighborhood of 2.6, 4.3, and 15 m is 

mainly due to the carbon dioxide. The stretching and bending of chemical 

bonds that cause a dipole change and absorption of a photon of the same 

frequency is the principle behind IR spectroscopy, which identifies the 

absorption frequencies of a molecule at multiple modes of oscillation. It is 

also based on this concept that IR detectors and telescopes can be selected 

typically in wavelength regions where the radiation can penetrate and has 

weak interaction with smog, fog, or dust to significantly increase the 

visibility of the interested objects.  

 

As a result, strong transmission region of radiant was represented in 

yellow box where we can obtain IR radiation spectrum. In case of MWIR 

region, as mentioned at table 1.1, whole MWIR ranges from 3-8 mm can not 

be detected due to the strong absorption by water vapor. Consequently, 

detection for MWIR region was restricted to 3-5 m ranges.  
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1.1.6. Selection of IR wavelength   

 

There are 5 types of IR ranges as described in Table 1.1. Among them, there 

are two spectral windows of reasonably high transmission of IR such as mid-

wavelength infrared (MWIR) which spans 3~5 m and the long-wavelength 

infrared (LWIR) which spans 8~14 m. IR detection in the LWIR clearly 

offers a high photon flux, whereas MWIR range provides a better thermal 

contrast. The strengths and weaknesses of each IR ranges are arranged in 

Table 1.2.  

 

In this study, MWIR is the main IR range target that I can focus on for the 

military applications. The MWIR range which is corresponds to the heat of 

objects with a temperature of around 1000 K is very important IR range to 

track the missiles and engines of aircraft and tanks 
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Fig. 1.3. Transmission of the atmosphere for a 6000 ft horizontal path at sea 

level. Common atmospheric transmission windows are located at 0.7-2 m, 

3-5 m and 8-12 m. 
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 SWIR MWIR LWIR 

View through 
smoke 

Better than 
visible 

Better than 
SWIR 

Better than 
MWIR 

High humidity Better than 
visible 

Best: Better than 
SWIR and LWIR 

Moderate 

Cold weather 
night vision 

N/A Moderate Best 

Night vision in 
total darkness 

Poor-relies on 
nightglow 

Excellent Excellent 

View through 
fog 

Better than 
visible 

Better than 
SWIR 

Better than 
MWIR 

 

Table 1.2. The strength and weakness of IR ranges. Taken from reference  

[5].  
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1.2. Photo-detection principle and materials for MWIR 

detection  

 

In the previous section, I describe that what is the IR and the 

characteristics of IR. For the IR detection, IR photodiode device is needed. In 

this section, I will briefly explain the principle of photo-detection and what 

kinds of materials are suitable for the MWIR detection.  

 

1.2.1.  Operating principle of photodiodes  

 

A typical component of an infrared camera system is composed of optics 

for light collection, IR device, a focal plane array for detecting the IR signal 

and converting it to an electrical signal, a cooling system for the focal plane 

array, a read out integrated circuit (ROIC) to collect the electrical signal and 

perform initial, digital signal processing, and electronic devices for digital 

display of infrared images. The schematic diagram of IR system is illustrated 

in Fig. 1.4.  

 

Now, the operating principle of IR photodiode will be described. IR 

detectors can be received the IR radiation emitted from the objects with a 

temperature above 0 K. Optics are necessary to focus IR radiation since 

objects emits IR radiation everywhere. Absorbed the IR with an equal or 

exceed energy of band gap generate electron-hole pair. They can make an 

electrical signal induced in the p-n junction which is converted to the digital 

signal through Si ROIC. We can be observed the objects through display 

devices even in the dark environments.    
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The operation theory of p-n junction photodiode is illustrated in Fig. 1.5 

(a). IR photons with energy equal or greater than the energy band gap create 

electron-hole pairs in the vicinity of pn junctions. The generated electron and 

hole are separated by the strong electric field induced in the depletion width. 

The minority carrier generated by photon becomes majority carrier on the 

other side. From this mechanism, photocurrent is generated which shifts the 

current-voltage curve, as shown in Fig. 1.5 (b), towards negative current 

direction. 

 

1.2.2. Application fields for IR photodiodes   

 

It is no wonder IR detection has already been spread in wide range 

applications, including industry, law enforcement, medical, military, 

astronomy and others fields. An illustration of IR applications is shown in 

Fig. 1.6. When the IR photodiodes were invented, it application was 

restricted only to military applications such as aircraft collision/warning, 

surveillance and missile tracking etc. However, IR detection has been spread 

to medical, industrial, astronomy, law enforcement and others. They are 

normally used to measure the temperature of brake linings, power lines, 

cutting tools, welding and soldering operation and ingots for industrial 

application. Skin temperature, cancer detection, monitoring of eye movement, 

CO2 levels in blood and breath are applications for medical area.  
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Fig. 1.4. Schematic diagram of an IR photodiode system including its 

components. More detail structures of IR detector is represented in box below.  

 

 

 

Object

IR Radiation

IR Detector

Digital signal

Electronic 
devices

Electrical
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Passivation
layer

p-layer

n-
substrate

pn photodiode 
single cell

device array

AR coating

hybrid chip

In bump

Processing 
circuit

Si ROIC Infrared
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Fig. 1.5. (a) Schematic band diagram of p-n photodiode with electron-hole 

pair generation. (b) current-voltage characteristics for the illuminated and non 

illuminated photodiodes.  

 

 

 

V

I

Dark current

Photocurrent

(b)

(a)

EC

hυ

Hole

Electron

EV

Ei

Ef

x

E
p+ n



 

 16

 

Fig. 1.6. Illustration of the various applications for IR detection  
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1.2.3. Materials for MWIR detection 

 

In the range of 3-5 m for MWIR detection, materials with band gap 

energy is well matched to its wavelength should be selected. The band gap 

energy of MWIR was represented in the gray region in the plot of band gap 

energy versus lattice constant as shown in Fig. 1.7. Two types of materials 

systems can be selected as a possible material for MWIR detection.  

 

The first one is mercury cadmium telluride (Hg1-xCdxTe - MCT), the 

ternary alloy as a mixture of CdTe and HgTe as represented with red circles 

in Fig. 1.7. Hg1-xCdxTe was first synthesized in 1958 by a Lawson at the 

Royal Radar Establishment in England [6]. From the development, it 

becomes an attractive material due to the direct band gap, intrinsic 

semiconductor for the LWIR spectral region. Advancement of the crystal 

growth technology has proceeded deliberately and steadily for four decades 

in spite of the high vapor pressure of Mercury (Hg) at the melting point of 

HgCdTe and the known toxicity of the materials. HgCdTe has several 

properties to qualify it as highly useful material for IR detection such as the 

tenability of the band gap from 0.7 to 25 m, direct band gap with high 

absorption coefficient, moderate dielectric constant/index of refraction and 

availability of wide band gap lattice-matched substrates for the epitaxial 

growth. The band gap of HgCdTe is a function of the alloy composition of 

Cd and the temperature of material as expressed in eq. 1-5 which is 

developed by G. L. Hansen et. al., [7]. 
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   [eq-1.5] 

 

where, x is composition of Cd and T is the temperature. With increasing 

composition of Cd contents, the band gap span from the long to mid 

wavelength regions. At higher values of Cd composition, the band gap can be 

increased corresponding to the wavelength as short as 0.7 m. Direct band-

gap semiconductor have a sharp optical absorption as the photon energy 

increase above energy band-gap in contrast to the indirect semiconductors 

such as Si, and Ge. As a result, strong optical absorption is possible, making 

it to required minimized HgCdTe thickness. It helps to minimize the volume 

of material which can generate noise, thermal excess carrier in the diffusion 

limited operation mode. However, MgCdTe alloys posses some serious 

drawbacks such as (i) a sensitive dependence of the energy gap on the alloy 

composition ratio, requiring a precise control over the growth temperature 

during the growth (ii) large non-uniformity over larger area due to high vapor 

pressure of Hg, causing high dark current in MCT devices (iii) large 

tunneling current due to low electron effective mass. Some physical 

properties of HgCdTe is represented in Table 1.3. 

 

 Another material for the MWIR detection is an InSb. It has also direct and 

small energy band gap among III-V semiconductor whose properties was 

firstly observed by H. Welker in 1952 [8]. Since then, many researchers have 

focus on the scientific investigation of InSb. As the InSb is a direct 

semiconductor, conduction band minimum and valence band maximum is 

located at the same k vales (k=0 in E-K diagram), making it possible to 

fabricate high quantum efficient device. Since its band gap energy is the 

TxxxxEg
432 10)21(35.5832.081.093.1302.0 
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smallest values known at that time, its application is, no doubtably, focused 

on the Infrared detector. The band gap of 0.18 eV at room temperature 

indicates that it is corresponds to the wavelength of 7 m, whereas it is 

increased up to 0.24 eV when it is cooled at liquid nitrogen. This band gap 

enables to cover MWIR ranges up to 5.5 m. The most interesting features of 

InSb come not only from the smallest band gap but also high quality single 

crystal preparation due to the congruent melting point at 525.7 oC, enabling it 

to be grown from melt by conventional crystal growth as represented in Fig. 

1.8 [9]. These days, a fabrication of 3 inch and even larger sized InSb wafer 

is available in the industry, which is the attractive prospect for focal plan 

array fabrication. The physical properties such as lattice constant, band gap 

energy, electron and hole mass, refractive index, and thermal expansion 

coefficient are summarized in Table 1.3. 

 

Based on the comparison between Hg1-xCdxTe and InSb above, I conclude 

that InSb is more suitable material for high performance MWIR 

photodetector with low price. InSb is chosen for this research. 
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Fig. 1.7. A plot of band gap energy versus lattice constant 
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 T(K) Hg0.775Cd0.225Te [10] InSb [11] 
 

Lattice structure 
  

Zincblende 
 

Zincblende 

 
Lattice constant 

(Å) 

300 6.464 6.478 

Thermal 
expansion 

coefficient (10-6 
K-1) 

300 
77 

 5.04 
6.50 

 
Melting point 

(oC) 

  525.7 

 
Energy gap (eV) 

300 
77 

 
0.123 

0.180 
0.228 

me*/m0 

 
mh

*/m0 

300 
77 
300 

 
0.007 

0.0116 
 

0.41 
Electron mobility 

(cm2/Vs) 
300 
77 

 
1.0 x 105 

8 x 104 
106 

 
Hole mobility 

(cm2/Vs) 

300 
77 

 
450 

800 
104 

 
Refractive index 

  3.96 

Intrinsic carrier 
concentration 

(cm-3) 

300 
77 

 
6.3 x 1012 

4.1 x 1016 

2.6 x 109 

 

Table 1.3. Physical properties of HgCdTe and InSb  
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Fig. 1.8. Temperature–composition binary phase diagram of In and Sb, 

describing the equilibrium of solid with a liquid of InSb [9] 
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1.3. A survey of previous researches for InSb MWIR 

photodiodes  

 

In this section, I describe two ways to fabricate MWIR device including 

an ion implantation and crystal growth. In case of ion implantation, low 

temperature process, direct control of junction depth formation, and high 

uniformity process are possible. On the other hand, ion implantation has 

disadvantages such as shallow depth up to 1 m and surface damage region 

formation which is the main drawback of ion implantation. In the crystal 

growth method, multilayer can be grown during crystal growth and junction 

depth is controlled by changing the growth time or source mole fractions. 

The most striking advantage is no surface damage. Thin films can be grow 

layer by layer on the lattice matched substrate or lattice mismatched substrate 

by inserting buffer layer or some dots to reduce the stress induced by the 

lattice mismatch. As the source is sometimes very toxic, flammable and 

corrosive, special equipment and caution has to be needed for the safety. 

 

1.3.1. Previous research of MWIR photodiode fabricated by 

diffusion and ion implantation  

 

Initially pn junctions in InSb were made by diffusing Zinc (Zn) [12, 13] 

or Cadmium (Cd) [14] into n-type substrates with net donor concentration in 

the range of 1014~1015 cm-3 at 77 K. It was found, however, by several 

researcher that Zn and Cd produce a porous surface that is difficult to remove 

[15]. To circumvent this surface problem and to make high quality p-n 
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junctions, ion implantation into n-type InSb substrate can be conducted with 

light ions such as Proton and Magnesium (Mg) [16-22]. Heavy atoms such as 

Mg appears that InSb can be made amorphous [21] and produce surface 

damage [23, 24] by implanting it at room temperature. Zn and Cd may be too 

heavy to implant in InSb. As a result, beryllium (Be) was applied as a p-type 

dopant into InSb substrate. However, it was reported that Be out-diffusion 

problem was generated near implanted InSb surface during RTA process [25]. 

RTA process was inevitable step to remove surface damages after ion 

implantation. However, Be was out diffused due to the non-stoichiometry at 

the InSb surfaces.    

 

 In conclusions, ion implantation process produce surface damage 

inevitably even though light ion of Be is used. In order to remove surface 

damage, post annealing treatment has to be made at a high temperature, 

producing other problems such as dopant diffusion and Sb evaporation near 

surface to make an Sb vacancy (VSb).  

 

1.3.2. Previous research of MWIR photodiode fabricated by 

crystal growth techniques  

 

A crystal growth of InSb has extensively researched by metalorganic 

chemical vapor deposition (MOCVD). Since it is reported that there is a 

stable hydride group V source such as arsine (AsH3) and phosphine (PH3) for 

As and P based III-V semiconductor growth. Hydride group V source is very 

beneficial to remove native oxides during in-situ thermal cleaning and to 

reduce the carbon contents in the epitaxial layers. There is an only one gas 
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source of antimony. O. Sugiura et. al., of Tokyo Institute of Technology have 

grown InSb on InSb substrate using triethylindium (TEIn) and stibine (SbH3) 

as a indium and antimony source, respectively [26].They used the SbH3 gas 

source instead of metalorganic antimony source for the first time. The 

optimum growth conditions for InSb homoepitaxial growth is at 490 oC under 

V/III ration of 8. At low V/III ratio, Indium droplets were formed on the 

surface. The InSb epitaxial layer was n-type with a carrier density and 

mobility of 1.5 x 1016 cm-3 and 7.6 x 104 cm2/Vs (measured at 77 K), 

respectively. Even at 300 oC, single crystal of InSb layer can be grown by 

inserting a buffer layer grown at 400 oC. The growth rate at 400 oC increased 

in proportional to the TEIn flow rate, but independent of the SbH3. P. K. 

Chiang et. al., of North Carolina State University reported the MOCVD 

grown InSb using TEIn and trimethylantimony (TMSb) [27]. In this 

experiment, high quality of InSb can be grown even though TMSb 

overpressure was not maintained during the in-situ thermal cleaning process. 

An excellent surface morphology was achieved on InSb (100) substrates. The 

growth rate is dependent on both the TMSb flow rate with a constant TEIn 

flow rate and growth temperature. Electrical properties of InSb grown on 

semi-insulating GaAs substrate with the same growth condition of InSb 

homoepitaxial growth were measured. A carrier concentration and electron 

mobility measured at 300 K are 2.0 x 1016 cm-3 and 40,000 cm2/Vs, 

respectively (thickness= 1m). With dependence of Hall measurements, 

mobility tents towards a maximum value in the vicinity of 300 K and 

decrease monotonically with increasing temperature, explaining the presence 

of high dislocation density in the InSb epilayer on GaAs substrates. O. 

Sugiura et. al., at Tokyo Institute of Technology used vacuum MOCVD to 
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growth InSb using TEIn and TMSb as a indium and antimony source, 

respectively [28]. P-type conductivity of InSb grown at 400 oC has been 

reported. From the capacitance-voltage measurements (C-V), the impurity 

density near surface was 2 x 1015 cm-3. Average hole density and mobility 

evaluated from the Van der Pauw method at 77 K were 2 x 1017 cm-3 and 4 x 

103 cm2/Vs, respectively. There is an inconsistency between two methods, 

indicating that there is a highly conductive p-region near the epilayer. The 

work of D. K. Gaskill et. al., reported the highest quality of InSb epitaxial 

layer grown by MOCVD [29]. An intentionally doped InSb layer has a n-type 

carrier concentration and mobility of 1.4 x 1015 cm-3 and 2.53 x 105 cm2/Vs, 

which was measured at 77 K. this mobility value is equal or exceeds the best 

ALE values reported at the time of reports [30]. For the transport 

measurements, p-type InSb substrates with resistivity of 50-100 Ωcm were 

used. Double crystal x-ray diffractometry of InSb grown at 450 oC yields a 

full width at half maximum (FWHM) of 13 arcsec. Y. H. Choi et. al., of 

Northwestern University reported the crystal quality of InSb grown on InSb, 

GaAs and GaAs coated on Si substrates [11, 31, 32]. As shown in Fig. 1.9, 

the film grown on InSb had x-ray FWHM of 14 arcsec while those grown on 

GaAs and GaAs coated on Si substrate exhibited FWHM of 171 and 361 

arcsec, respectively. The broader peaks on GaAs and Si substrates are due to 

higher dislocation density generated at the epilayer/substrate interface. 

Crystal quality is dependence on the film thickness when the InSb is grown 

on lattice mismatched substrates. The FWHM of InSb grown on both 

substrates decrease with increasing film thickness, indicating improved 

crystalline quality away from the highly mismatched epilayer substrate 

interface. The electrical properties of the epilayers were investigated through 
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Hall measurements using Van der Pauw method. The Hall mobility of InSb 

grown on GaAs substrates is found to improve with increasing thickness, 

reflecting the decrease of dislocation density away from the interface. InSb 

epilayer showed n-type characteristics with a carrier concentration of 1 x 1016 

cm-3 at 300 K. The work of Noreika et. al., was one of the pioneering 

research works conducted with InSb [32]. Measurements of the surface 

residence lifetime of Sb on InSb defined the substrate temperature ranges in 

which it could be grown. Epitaxial layers were grown on (111)A, (111)B, and 

(001) InSb substrates with corresponding reconstruction temperature and data. 

Data was collected to physically represent an effective vapor pressure of Sb 

over InSb required to sustain a particular surface reconstruction. R. M. 

Biefeld et. al., researched the InSb epitaxial growth extensively using 

MOCVD [33]. InSb growth mechanism was researched using TMIn and 

TMSb sources. The growth rate is directly dependence on the TMIn flow rate 

which has also found for the growth of a variety of other III-V materials 

including GaAs and GaP [34, 35]. At the InSb growth temperature between 

450 to 500 oC, the vapor pressure of Sb is about two orders of magnitude 

greater than that of In, so that, in the presence of excess Sb, any In atoms 

which strike the substrate will stick to the surface and react to form InSb [36, 

37]. If the vapor pressure of Sb in the reactor exceeds that of the equilibrium 

vapor press for solid Sb, elemental Sb will be deposited on the substrate 

surface. As illustrated in Fig. 1.10, the growth efficiency for InSb is 

thermally activated with higher growth efficiencies at higher temperatures. 

The growth of InSb between 400 and 500 oC appears to be dominated by 

reaction kinetics. This effect was also found in P. K. Chiang’s reports [27]. 

The rate limiting step in the growth of InSb is probably due to the incomplete 
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pyrolysis of TMSb. TMSb has been found to be only partially decomposed 

below 500 oC [38, 39]. He also explained the origin of surface roughness. 

When the V/III ration and growth temperature exceed the optimum 

conditions, rough surface morphology was observed. This surface roughness 

can be explained by a combination of factors which include preferential 

nucleation, surface diffusion, substrate preparation, substrate defects, vapor 

phase composition, and surface reaction. If preferential nucleation takes place 

on the surface and surface diffusion is too slow in comparison to the growth 

rate to allow for the migration of atoms to fill in the remaining surface sites, 

then hillock formation will take place. Hillock formation will occur when 

either the growth temperature is too low which will result in slow surface 

diffusion or the growth rate is too high. Preferential nucleation often results 

from the presence of defects or impurities on the substrate and also from 

substrate orientation [40]. When the temperature is so low that the 

metalorganics and/or the hydride do not decompose on the surface of the 

substrate, then an imbalance of the reactants can occur on the surface. In the 

case of InSb, an excess of In causes alloying on the surface and the formation 

of droplets of In rich materials. An excess of Sb results in the formation of Sb 

hillock. A smooth surface morphology of epitaxial layer can be obtain when 

the temperature is high enough for decomposition of the reactants, and the 

growth rate is low enough for a specific temperature. It is reported that 

trimethlyantimony (TMSb) source is not completely decomposed in the InSb 

growth temperature region [38, 39]. Trisdimethlaminoantimony (TDMASb) 

[41], triisopropyl-antimony (TIPSb) [42-45], diisopropylantimonyhydride 

(DIPSbH) [46] and tertiarybutyldimethylantimony (TBDMSb) [42, 45] have 

been adapted for the InSb epitaxial growth as an alternative antimony source. 



 

 29

These sources have been used to reduce carbon impurity level in the epilayers, 

if present, by the elimination of methyl groups. Carbon makes an important 

role in InSb as a possible intrinsic p-type defect. As a result, electronic 

properties have been improved. 
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Fig. 1.9. X-ray diffraction spectra of 3.0 m thick InSb films grown on InSb, 

GaAs and GaAs coated Si substrates 

 

 

 

 

 



 

 31

 

 

 

 

 

 

Fig. 1.10. Growth efficiency of InAs1-xSbx and InSb versus reciprocal 

temperature. This semi-log plot indicates that the growth rate is thermally 

activated for both materials. The filled circles are data for InSb from P. K. 

Chiang [27]. 
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1.4. Organization of this thesis  

 

As we discussed above, the major purpose of this dissertation is to grow 

high quality of InSb epitaxial layers by changing growth parameters, mainly 

growth temperature and V/III ratio, instead of the p-n photodiodes fabrication 

using diffusion and ion implantation process. So, this dissertation is focused 

on the high quality of InSb epitaxial growth using LP-MOCVD and the 

improvement of subsequent p-n photodiode performance by implementation 

of the ZnS passivation. This dissertation covers three topics.  

 

The most important prerequisite for the high quality epitaxial layers is 

how to prepare an epi-ready substrate where epitaxial layers can be grown on. 

Due to the stable native oxides of InSb, ex-situ wet cleaning process was 

adopted before inserting the substrate into the chamber. in-situ thermal 

cleaning process was investigated in order to well prepared InSb substrates 

before epitaxy. With or without trimethylanitmony (TMSb) has important 

role to prepare the substrates and the effects of with or without TMSb 

overpressure on the InSb substrate were analyzed in chapter 3.  

 

In chapter 4, InSb epitaxial layers were grown on InSb substrates by 

changing growth parameters such as growth temperature and V/III ration to 

obtain optimized growth conditions. The effects of growth parameters on the 

quality of InSb epilayers were investigated and growth behavior of InSb was 

represented. For the use of opto-electronic devices, optical quality of InSb 

was systematically investigated using PL measurements. The origin of PL 
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peak was analyzed. In this chapter, p-type doping study for p-n junction 

formation was researched using diethylzinc.  

 

In chapter 5, I developed the new passivation materials for InSb 

photodiodes. The origin of surface state will be explained as well as the 

mechanism of the reduction of suface state after depositing ZnS passivant 

will be explored.  

Finally conclusion of this dissertation will be presented in chapter 6.      
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Chapter 2. Experimental methods: material 

growth, device fabrication and characterization 

tools  

 

2.1. Material growth system: Low-Pressure Metalorganic 

Chemical Vapor Deposition (LP-MOCVD)   

 

In order to growth InSb epitaxial layers, home-made low pressure 

metalorganic chemical vapor deposition (LP-MOCVD) are used. The 

schematic diagram of MOCVD is illustrated in Fig. 2.1. The MOCVD system 

is composed of four parts: gas delivery part, reactor (growth chamber), 

pressure control part, and exhaust part. 

 

2.1.1 LP-MOCVD system @SNU 

 

In order to growth InSb epitaxial layers, home-made low pressure 

metalorganic chemical vapor deposition (LP-MOCVD) are used. The 

schematic diagram of MOCVD is illustrated in Fig. 2.1. The MOCVD system 

is composed of four parts: gas delivery part, reactor (growth chamber), 

pressure control part, and exhaust part. 

 

Gas delivery part 

In MOCVD system, the gas delivery part is an important part. In this part, 
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metalorganic (MO) source materials can be metered by a mass flow 

controller (MFC) and be mixed prior to reaching the growth chamber. The 

gas mixing line is made of stainless steel with clean, leak-free conditions. 8 

sources including 3 gas source and 8 MO source are connected in this system. 

Each source line equipped with MFC. All MO source are contained in the 

stainless steel bubblers. The carrier gas for the MO source transports is H2 

gas which is supplied from the Inter-university Semiconductor Research 

Center (ISRC) at Seoul National University. H2 gas is purified for the safety. 

The carrier gas is controlled by the MFC and it can flow through the by-pass 

line when the source is not used. 

 

Reactor system 

In my MOCVD system, reactor is a horizontal type, cold wall, and low 

pressure. The horizontal reactor is made of quartz which is high purity, 

optical transparency and low electrical conductivity. This type of reactor is 

preferred to obtain a more laminar gas flow since gas flow is parallel to the 

substrate surface. The cold wall type of reactor have an advantages in 

minimizing contamination from the growth chamber walls during the growth 

and reducing the possibility of premature source decomposition and/or 

chemical reactions between source materials. The low pressure system 

provides the reduction of parasitic reaction in the gas phase, resulting in the 

increment of growth efficiency, the compositional homogeneity, the 

improvement interface quality, and the reduced impurity level. Low pressure 

increase the rapid transport of source materials in the gas phase which 

decrease the contact time between source atoms. SiC coated graphite is used 

as a susceptor. This is the rectangular shape including sample loading area up 
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to 2 inch. The susceptor is heated by RF induction at a frequency of 30 KHz 

with a maximum power of 7.5 kW. The induction coil is surrounded around 

growth chamber and is used to heat the graphite susceptor. The thermocouple 

is used to monitor the susceptor temperature as well as to provide its 

temperature information to the temperature controller. Pyrometer is equipped 

for the temperature comparison. The real temperature of growth chamber is 

calibrated by melting of InSb substrate. Since InSb is melt at 525.7 oC, the 

point of InSb melting is observed by varying temperature of chamber.   

 

Pressure control parts (Pump) 

The outlet–end of the reactor is linked to the heat exchanger where water is 

circulating to decrease the temperature of gases. During decreasing 

temperature, some particles in the gas stick to the heat exchanger so 

maintenance is needed to remove particles. Low temperature gases 

containing particles move to the pall filter where the residual particles are 

removed through passing it. Chamber pressure is controlled by the rotary 

pump and maintaining the fixed pressure during epitaxial growth is possible 

by using a throttle valve.   

 

Exhaust system 

The exhaust system is installed at the end of the MOCVD system. Gas 

exhausted through a scrubber, where the un-reacted source gases are filtered 

and reacted into stable species.  
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Fig. 2.1 Schematic illustration of MOCVD including vent-run manifold gas 

delivery system 
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2.1.2 Metalorganic (MO) source materials  

 

Two types of gas and three types of MO source are used for the epitaxial 

growth in this study. The nitrogen (N2) is supplied from the ISRC. The 

purpose of N2 is to purge the gas line and reactor before the growth to 

eliminate any air in the chamber and after growth to eliminate any H2 or MO 

sources before opening the chamber. As mentioned above, the carrier gas 

used in this system is hydrogen gas (H2) supplied from ISRC. It is purified by 

the heated getter gas purifier produced by MONO TORR. Impurities such as 

H2O, O2, CO, CO2 and N2 contained in H2 gas can be removed less than 1 

ppb by passing the zirconium alloy. Getter bed is maintained at the 

temperature of 400 oC  

 

The group III source is electronic grade metalorganic compounds supplied 

by the Rohm & Hass. The indium source is trimethylindium (TMIn), 

[(CH3)3In]. TMIn is a volatile solid at ambient conditions. The vapor pressure 

of TMIn as a function of temperature is given by eq. 2-1. 

 

                             [eq. 2-1] 

where P is a pressure in torr and T is temperature in Kelvin. The temperature 

of TMIn is fixed to 18 oC, resulting in a vapor pressure of 1.45 torr. As a 

group V source, electronic grade trimethylantimony (TMSb), [(CH3)3Sb] is 

adapted supplied from Rohm & Hass. The vapor pressure of TMSb is 

expressed in eq. 2-2. The TMSb sources are kept at a temperature of 0 oC and 

it has a vapor pressure of 30.95 torr.  

T
TMInP

3014
52.10)(log10 
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            [eq. 2-2] 

 

For p-type doping of the InSb, group II source of diethylzinc (DEZn), 

[(CH3)2Zn] is used. It is also supplied from the same company as mentioned. 

The vapor pressure of DEZn is represented in eq. 2-3 

 

             [eq. 2-3] 

DEZn is maintained at a temperature of -10 oC. The list of MO source 

materials used in this study is given in Table 2.1 along with the melting point 

  

2.1.3 InSb substrate preparation  

 

 The substrate used for the InSb epitaxial growth is InSb substrate with an 

orientation of (100). The InSb substrate supplied from Wafer Technology. 

LTD, is Te doped with a concentration of 5~20 x 1014 cm-3 at 77 K. The side 

of wafer is 2 inch with single side polished as an epi-ready condition. For the 

growth, 2 inch InSb substrates are cleaved into some pieces with a size of 7 

mm x 7 mm. Substrate preparation before inserting into the growth chamber 

is degreasing, etching, and rinsing. Acetone, methanol, and isopropylalcohol 

(IPA) are used for each 2 min in ultrasonic condition for sample degreasing. 

And then, samples are rinsed in running DI water for 2 min to remove 

residual solvent followed by dried with filtered N2. The surface of InSb 

samples is etched by the mixture of lactic acid and nitric acid (10:1 with a 

T
TMSbP

1697
7068.7)(log10 

T
DEZnP

2190
28.8)(log10 
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volume ratio) for 5 min to remove native oxides. It is rinsed in running DI 

water for 30 sec to remove etchant existed on the surface followed by N2 

dried. Due to the viscosity of lactic acid, enough stirring of etchant mixture 

are necessary for completely mixing in order not to etch InSb surface 

selectively. More detail etching process will be described in the chapter 3. 

 

2.1.4 Epitaxial growth procedures  

 

The epitaxial growth procedure can be divided by four major steps: 

MOCVD start up, epitaxial growth, MOCVD shut down, and growth 

chamber cleaning. After prepared InSb sample as described in the previous 

section are inserted into the growth chamber, pumping is performed by 

closing all the valves for the MOCVD start up process. N2 purge is performed 

through growth chamber to remove air and residual impurities. Subsequent 

four times of N2 purge brought down the pressure of reactor below 150 mtorr. 

Purified H2 as a carrier gas with a flow rate of 1.5 slm is switched into the 

reactor to replace N2. For the system stabilization, purge with H2 is 

maintained for 20 min through all the parts such as source line and growth 

chamber. During H2 purge, MFC control box, electronic pressure controller 

(EPC) readout must be check that it operates under setting conditions. All the 

inlet and outlet valves of MO source are opened to pass the H2 gas into MO 

bubbler.  

 

After checking all the parameter and equipments, for the epitaxial growth 

process, RF generator is turned on and sample is heated up to 400 oC under 
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H2 ambient. However, TMSb overpressure has to be maintained in order to 

prevent any surface degradation due to Sb evaporation from the InSb 

substrate. As the temperature is reached at 515 oC, in-site thermal cleaning 

process is proceeded for 3 min to remove any H2O vapor or some residues on 

the InSb substrates. A temperature in growth chamber is cooled down to the 

target temperatures, group III MO source is switched to the run line from the 

vent line, starting InSb growth. The InSb growth lasts for 60 min or even 

further time.  

 

After growth is finished, In MO source is switched from run line to vent 

line and hence stopping the source. RF generator is then turned off and 

samples are allowed to cool down naturally. The Sb overpressure is 

maintained to 400 oC in order not to evaporate Sb elements from InSb surface. 

All the inlet and outlet of MO source is closed, resulting in the H2 flow 

through by-pass line. After the temperature is cooled down to 150 oC, H2 is 

replaced to N2 gas. The pressure of growth chamber is cycled from 

atmosphere to low pressure about four times to remove any residual MO 

source and H2 in the source line and growth chamber prior to unload the 

samples.  

 

For the reproducible growth of InSb, chamber cleaning process is very 

important procedure. Since deposited on the quartz tube and susceptor are 

affecting to degrade the film quality of the following growth as well as 

hindering and accurate reading of the sample temperature by the IR 

pyrometer, the cleaning is performed just after the growth. 
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Mo source Acronym Melting point 
(oC) 

Phase 

Trimethylindium TMIn 88.4 Solid 
Trimethylantimony TMSb -87.6 Liquid 

Diethylzinc DEZn -28 Liquid 
 

Table 2.1. MO source materials used in this study for MOCVD growth 
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2.2. Dielectric deposition systems  

 

2.2.1. Plasma Enhanced Chemical Vapor Deposition (PECVD) 

 

A silicon dioxide (SiO2) and silicon nitride (Si3N4) are deposited by plasma 

enhanced chemical vapor deposition (PECVD) at ISRC. PECVD system is 

manufactured by the surface technology system (STS). For SiO2 deposition, 

5 % SiH4 diluted N2, N2O, and N2 gas are used with a flow rate of 160, 1500, 

and 240 sccm, respectively. The deposition pressure is fixed to 550 mtorr. RF 

power for plasma generation is fixed to 60 W with a frequency of 187 kHz. 

The deposition temperature is 180 and 250 oC. The deposition rate is 

confirmed to be 200 Å/sec. For Si3N4 deposition, source gases are 5 % SiH4 

diluted N2, NH3, and N2 with a flow rate of 800, 10, and 1200 sccm, 

respectively. RF power for the plasma generation is the same as the SiO2 

condition. The deposition rate of Si3Ns is turned out to be 100 Å/sec 

 

2.2.2. Electron Beam Evaporation   

 

Electron beam evaporator is used to deposit zincsulfide (ZnS) films. This 

evaporator is manufactured by Ultech. ZnS source for the evaporation has 

99.99 % purity and its stoichiometry is 1 confirmed by the refractive index 

(2.4 at 632 nm). The base pressure is 2 x 10-6 torr and deposition rate are 

varied from 0.5 to 2.0 Å/sec. ZnS source soaking time is fixed for 4 min 

totally. ZnS film deposition is conducted at room temperature. 

 



 

 50

2.3. Device fabrication methods  

A simple mesa type device structures are fabricated by conventional 

lithography, wet etching, dielectric deposition, and metallization process. An 

entire process for device fabrication is illustrated in Fig. 2.2  

 

2.3.1. Sample preparation   

 

Before fabricating InSb devices, as-grown InSb samples are degreased in 

solvents as mentioned in the previous section 2.1.3. Native oxides are 

removed by dipping in dilute HF solution. Then samples are rinsed in DI 

water followed by N2 dry.  

 

2.3.2. Mesa etching    

 

To fabricate mesa structures, patterns are defined by photoresist (PR) of 

AZ 7210 via a conventional photo lithography process at ISRC (SNU). The 

detailed processes are described as follows: 

 

a) Sample pre-baking: pre-baking at 100 oC for 3 min is necessary to 

remove any solvents, acids, and water vapor in order to increase 

the PR adhesion. Then samples must be cooled down at room 

temperature for 3 min.  

b) PR coating: Hexamethyldisilazan (HMDS) and AZ 7210 are spin 

coated on the InSb substrate in regular sequence. First HMDS are 

coated to increase adhesion of PR on InSb substrate with a spin 
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rate of 500 rpm for 5 sec and 2500 rpm for 5 sec. Then PR is spin 

coated with a spin rate of 500 rpm for 5 sec and 4000 rpm for 35 

sec. The thickness of PR confirmed by the surface profiler is 0.9 

m.    

c) Soft baking: PR coated has to be baked in order to remove liquid 

in PR. So samples with PR coated are heated at 95 oC for 2 min.  

d) Exposure: Using designed mask, UV exposure process is essential 

to make patterns in PR. Exposure process is done by the MA-6 II 

aligner (Karl-Suss) with the intensity of 20 mW/cm2 for 11 sec. A 

soft contact and front side illumination are selected.  

e) Post exposure baking (PEB): PEB process is conducted at 110 oC 

for 45 sec. 

f) Develop: A PR is developed by dipping in AZ300MIF with stirring. 

The develop time is approximately 15 sec.  

g) Hard baking: A developed PR is hard baked at 130 oC for 2 min.  

 

After PR pattering, InSb epitaxial layers are etched by dipping in the 

mixture of citric acid and H2O2 (100g: 100 ml). The temperature of etchant 

are maintained at 60 oC and etching process is done for 25 min with an etch 

rate of 70 nm/min. An etching rate is obtained by changing etching time as 

shown in Fig. 2.3. The etched thickness is measured by surface profiler (a-

step). After mesa etching, residual PR is removed by dipping in acetone 

solution.  
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Fig. 2.3 The etching rate of InSb epitaxial layer in the mixture of citric acid 

and H2O2. The etching rate is 70 nm/min. 
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2.3.3. Dielectric deposition     

 

Dielectrics were deposited on mesa patterned structures for surface 

passivation using electron beam evaporator at KANC. 

 

2.3.4. Metallization      

 

A PR pattering process is needed to make contact for the electrical 

measurements. A selectively etching of ZnS passivation layers are also 

conducted for the metal contact in this process. Negative PR AZ 5214 is used. 

More detail process is described below: 

a) Sample pre-baking: pre-baking at 100 oC for 3 min is done after 

the sample cleaning process. 

b) PR coating: Hexamethyldisilazan (HMDS) and AZ 5214 are spin 

coated on the InSb. The spin rate of HMDS is 500 rpm for 5 sec 

and 2500 rpm for 5 sec. That of AZ 5214 is 500 rpm for 5 sec and 

4000 rpm for 40 sec 

c) Soft baking: PR coated is heated at 80 oC for 5 min. 

d) Exposure: Exposure process is done with the intensity of 20 

mW/cm2 for 3.4 sec. 

e) Image reversal baking: samples are heated on the hotplate at 100 
oC for 5 min 

f) Flood exposure: Samples are exposed to UV light for 24 sec with 

the same intensity of 20 mW/cm2. 

g) Develop: Diluted AZ 300MIF is used to develop the PR. The ratio 
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of this developer is 6:1 (AZ 300MIF:H2O in a volume ratio). The 

develop time is for 35 sec. 

h) After confirming the PR removal by optical microscope, exposed 

ZnS layer are etched by dipping in HCl solution for 1 sec. 

i) Metallization: Ti/Au are deposited by electron beam evaporator 

with a thickness of 20/200 nm. 

j) PR removal: After metallization, a PR is removed by dipping in 

acetone solvent. 

k) Metal alloying: In order to make an ohmic contact, rapid thermal 

annealing treatment in N2 ambient is conducted at 180 oC. Specific 

contact resistance are measured by transmission line method with 

4 point prove at 77 K. the specific contact resistance is obtained as 

low as 9.9 x 10-5 Ωcm at 180 oC 
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2.4. Characterization tools  

 

After the InSb growth and dielectric deposition, its structural, 

compositional, optical, and electrical property are analyzed by using various 

analysis tools. Now I will briefly express the analysis tools and techniques.  

 

2.4.1. Atomic Force Microscopy 

 

  In order to investigate surface morphology and average roughness using a 

root-mean-square, a measurement using atomic force microscopy (AFM) 

(Seiko Instrument, SPA-400) is conducted under non-contact mode in an 

atmospheric ambient. The Au-coated Si tip is used for all the measurements.  

 

2.4.2. Ellipsometery 

 

Ellipsometer measurement is carried out to identify the thickness of native 

oxides on InSb. Native oxides are so thin that I can not measure it easily. The 

only way to measure it accurately is using transmission electron microscopy 

which is expensive technique. On the other hand, ellipsometer is the easiest 

way and cheap measurement technique. In this experiment, J. A. Woollam 

(M-2000V) ellipsometer is used to fit the thickness of native oxide. Wide 

range between 390 and 1000 nm measurement are conducted. A Quartz 

Tungsten Halogen and back-thinned silicon CCD array is the light source and 

detector, respectively.   
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2.4.3. High Resolution X-Ray Diffraction 

 

High resolution X-ray diffraction technique is a well established and 

commonly used tool for the non-destructive characterization of 

semiconductor films. By determination of diffraction patterns, alloy 

composition and stress induced by lattice mismatch can be obtained. For this 

measurement, two type of XRD system such as D8-Advance manufactured 

by BRUKER MILLER CO. and X’pert Pro manufactured by PANalytical are 

used. The alloy composition is easily identified by D8-advance and crystal 

quality of films deduced by full width at half maximum (FWHM) are 

measured by X’pert Pro system. 3 kW x-ray tube with Cu target of a 1.5406 

Å wavelength is equipped in the D8 system. In the X’pert Pro system, the 

same targets of Cu with 1.5406 Å are used. The generator voltage and tube 

current are 30 kV and 10 mA are applied for the measurements. The rocking 

curve of (004) peak are conducted to obtain FWHM of InSb films.  

 

2.4.4. Scanning Electron Microscopy 

 

In order to determine the thickness of films and surface measurement, 

scanning electron microscopy (SEM) (Hitachi SU70) measurements are 

conducted. The acceleration voltage and emission current are 5~15 kV, which 

is depending on the measurement condition and 26 mA, respectively. For the 

dielectric measurement, Cr coated samples are prepared since dielectrics are 

not conductive films.     
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2.4.5. Transmission Electron Microscopy 

 

The measurement of Transmission Electron Microscopy (TEM) is carried 

out to confirm the thickness of native oxides. The TEM samples are 

fabricated by Focused Ion Beam (FIB) using Ga ion with a current of 20 nA. 

JEOL JEM-3000F TEM is used for the high resolution TEM analysis with an 

acceleration voltage of 300 KV 

 

2.4.6. Secondary Ion Mass Spectroscopy 

 

Secondary Ion Mass Spectroscopy (SIMS) depth profiling is performed at 

Evans Analytical Group to investigate the presence and concentration of 

impurities and dopant in the epitaxial layers. A Cs+ ion is used as a primary 

ion source and depth profiling is conducted with a crater size of 1 x 1 cm2.   

 

2.4.7. Energy Dispersive X-ray Spectroscopy  

 

Energy Dispersive X-ray Spectroscopy (EDS or EDX) are used to 

determine various elements and its composition ratio in the epitaxial layers 

which is connected with SEM SU-70. The acceleration voltage is varied from 

5 to 10 kV depending on a sample condition.  

 

2.4.8. X-ray Photoelectron Spectroscopy 

 

X-ray Photoelectron Spectroscopy (XPS) measurements are conducted to 
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identify the chemical bindings at bulk and/or interface region of films. 

Thermo VG, UK XPS equipped with monochromated Al X-ray source (Al 

Ka= 1486.6 eV) with a condition of 12 kV ad 3 mA are utilized. The base 

pressure and pressure during a measurement of this XPS system are 2.8 x 10-9 

and 4.8 x 10-9 mbar, respectively. For the depth profile, Ar ion etching is used 

with the condition of 1 kV and 2.0 A. The etching rate is a 0.15 nm/sec. The 

rater size and measurement area are 2 mm x 2 mm and 400 m in diameter. 

 

2.4.9. Auger Electron Spectroscopy 

 

To compare the contents of element in films, Auger Electron Spectroscopy 

(AES) (PHI 700, ULVAC-PHI, INC) measurement is conducted at Korea 

Institute of Science and Technology (KIST). An electron beam energy and 

target current are 5 kV and 10 nA, respectively. The measurements are done 

with a tilting of 30 degree and the samples are sputtered by Ar ion with a 

voltage of 3 kV. Its raster area is 2 mm x 2 mm with an etching rate of 160 

Å/min 

 

2.4.10. Photoluminescence   

 

A photoluminescence (PL) measurement is carried out in order to find 

defects in the epitaxial layers at Korea Institute of Science and Technology 

(KIST) with Dr. S. H. Kim and Dr. M. S. Park assistance. The Fourier 

Transform PL spectroscopy is equipped in the Bruker Vertex 80 V (FTS) for 
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low temperature and vacuum condition. The excitation laser is 532 nm line of 

Ar+ laser with a power density from 29 to 788 mW. The liquid nitrogen (LN2) 

cooled mercury cadmium telluride (MCT) detector with a detection range 

from 2 to 30 m is used to detect PL signal. The measured temperature range 

is varied from 10 to 300 K cooled with liquid helium. And ZnS and CaF2 

windows for the transparent of infrared are installed in this system.    

 

2.4.11. Capacitance-Voltage measurement  

 

In order to measure the electrical properties of dielectrics deposited on 

InSb, capacitance-voltage (C-V) measurements are conducted at 77 K in all 

measurements. Agilent 4980A LCR meter is employed to measure high 

frequency C-V of dielectrics. For a high frequency measurement (1 MHz), a 

small-amplitude AC voltage (15 mV) is superimposed in DC bias with a 

sweep rate of 0.1 V/s. All measured high frequency C-V curve is compared 

with the ideal high frequency C-V calculated theoretically in obtain the 

interface trap density (Dit) and flat band voltage shift (ΔVFB). More detailed 

expression and theoretical background are expressed in Appendix A.  

 

2.4.12. Current-Voltage measurement 

 

A dark current of device is measured by current-voltage (I-V) 

measurements at 77 K. Keithley 2636A parameter analyzer is used to 

measure the electrical properties. Some cases, current is transformed into 

current density (J) 
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All the C-V and I-V curves are measured in LN2 cooled cryostat equipped 

with Agilent 4980A and Keithley 2636A. Figure 2.4 shows the cryostat 

system installed in Compound Semiconductor Epitaxy Laboratory (CSEL) at 

Seoul National University.   

 

2.4.13. Hall measurement 

 

The carrier concentration and Hall mobility in unintentionally doped and 

intentionally doped with Zn are characterized by the Hall measurements at 

KIST assisted with Dr. Jin dong Song assistance [Ecopia, HMS-3000]. For 

the Hall measurements using Van der Pauw method, four ohmic contacts are 

formed on the InSb surface. All measurements are conducted at 77 K and 

magnetic field applied to the sample is fixed at 0.37 T. An applied current are 

10 nA and sometimes current are changed. 
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Fig. 2.4 A cryostat system cooled by LN2 equipped with Agilent 4980A and 

Keithley 2636A 
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Chapter 3. Surface treatement ambient on the 

quality of InSb epitaxial layers   

 

3.1. Introduction 

 

The word used in this thesis, epitaxy, is originated from two ancient Greek 

words of επί and ταξίξ. The επί and ταξίξ are translated to resting 

upon and arrangement, respectively. The epitaxy refers to extended single-

crystal film formation on top of crystalline substrates. There are two 

distinguished types of epitaxy. Homoepitaxy refers to the case where the film 

and substrate are the same material with the same crystallographic orientation. 

In this case of the homoepitaxy, it has advantages to obtain high quality of 

epilayers with free of defects, which represents that the epilayers is purer 

than the wafer substrates. This is caused by the same lattice parameters which 

realizing perfect matched and there is no interfacial bond straining. The 

second type of epitaxy is known as heteroepitaxy. In this case, films and 

substrates are composed of different materials. Due to lattice constant 

differences between films and substrates, it produces the dislocation and 

defects at the interface regions. However, in modern semiconductor 

technologies, it has been widely used and important techniques in the 

processing of electronic and optoelectronic devices. 

 

In order to growth high quality of epilayers, substrates have to be well 

prepared with smooth, stoichimetric, atomically clean and oxide-free surface. 
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Generally, well treated surface is prepared by two methods: ex-situ wet 

chemical etching and in-situ thermal cleaning (TC). Ex-situ wet chemical 

etching is widely used to remove organic and/or metal contaminants even 

native oxides using chemical solutions. In-situ TC is also a well-known 

method for epitaxial growth, especially for the growth of arsenide (As) and 

phosphide (P) based III-V semiconductors. In the process of in-situ TC, 

contaminants left after wet cleaning and/or sometimes native oxides, in the 

case of As and P based material growth, can be easily removed from the 

surface at a high temperature regions.  

 

Let me study the mechanism of native oxides formation on InSb. Like 

other III-V semiconductors, native oxides formation of InSb has similar a 

mechanism. When the clean InSb substrate is exposed to air, its surface is 

easily oxidized and a several nanometer thick native oxides layer are quickly 

formed upon exposure to air. A schematic diagram is represented in Fig. 3.1. 

Oxidation of InSb starts with the breakage of the bonds of surface atoms and 

subsequent rearrangement after initial oxide layer formation. The oxygen in 

air diffuses into the InSb surface, reacting with In and Sb atoms to form a In 

oxide (In2O3) and Sb oxide (Sb2O3), respectively. It is represented in eq. 3-1.  

 

      [eq. 3-1] 

 

This native oxide formation process is non-equilibrium process, making 

further surface reaction proceeded as shown in eq. 3-2. 

 

2InSb (s) + 3O2 (g) In2O3 (s) +Sb2O3 (s)



 

 65

   [eq. 3-2] 

 

Sb2O3 phase formed reacts with more InSb to form a further In2O3 and 

elemental Sb. Thermodynamically, In2O3 and elemental Sb are the only stable 

phases after InSb is oxidized [1]. Equation 3-1 and 3-2 are spontaneous 

reaction even at room temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2InSb (s) + Sb2O3 (s)  In2O3 (s) + 4Sb (s)    



 

 66

 

 

 

 

 

 

 

 
 

Fig. 3.1 A schematic illustration of InSb native oxides formation process 

when exposed to air. Native oxides are composed of indium oxides (In2O3) 

and antimony oxides (Sb2O3) and elemental Sb 
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3.2. Motivation 

 

As mentioned in section 3.1, a presence of native oxides on the surface is 

obstacle for the epitaxial growth. Hence it has to be removed before epitaxy. 

In both native oxides of InSb, Sb2O3 has much lower melting point (~655 oC) 

rather than that of In2O3 (~2000 oC). It implies that Sb2O3 can be removed 

more easily as a result of evaporation from the surface. During the 

sublimation of Sb from the surface, In2O3 can not be evaporated from the 

InSb surface due to the stable molecule characteristics. It represents that 

In2O3 can not be removed during the thermal cleaning process because it is 

stable even at the melting point of InSb (527 oC). Since it is difficult to 

remove during TC process, native oxides of InSb have been removed by wet 

chemical etching [2-4].  

 

After wet etching of native oxides, additional native oxides are formed on 

the surface as exposed to air before inserting MOCVD growth chamber. 

Before epitaxial growth of InSb, the substrates are in-situ thermally cleaned 

in the chamber to remove H2O vapors and some residues existed on the 

surface. This method is well known process for the growth of arsenide (As), 

phosphide (P) based III-V semiconductors [5-7]. As and P based III-V 

semiconductors are thermally cleaned under the large flow of group V 

hydride such as arsine (AsH3) and phosphine (PH3). The active hydrogen 

generated from the group V hydride decomposition plays an important role in 

removing the native oxides on the surface [8]. The desorption of group V 

atoms on the surface during TC is inhibited due to the high vapor pressure of 
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group V materials in the gas phase, suppressing the formation of non-

stoichiometric and rough surface [8]. Unfortunately, there are no 

commercially available antimony (Sb) based hydride sources even though 

there is a stibine (SbH3) which is unstable even at room temperature, starting 

the source decomposition [9]. As a result, most of Sb based III-V growth 

using MOCVD use alkyl-based Sb source such as trimethylantimony (TMSb) 

[3, 4, 10, 11] and triethylantimony (TESb) [12-15]. As a result, removing 

native oxides and obtaining stabilized surfaces are difficult when the alkyl 

based Sb sources are used due to the lack of active hydrogen. This is the first 

obstacle to remove native oxides through in-situ TC process.  

 

Another obstacle is the low vapor pressure of Sb compared to that of As 

and P based materials as shown in Fig. 3.2. As the vapor pressure of Sb is 

almost lower order of 107 rather than that of As and P at around 750 K where 

InSb can be normally grown. In case of As and P based semiconductors, there 

is no any group V condensation on the surface due to the high vapor pressure 

since un-reacted group V elements can diffuse out of boundary layer and 

removed through the gas phase if there is no available group III elements on 

the surface. On the other hand, even though the TC of InSb under group V 

ambient is normal process [8, 10], TC under group V ambient shows the 

controversial problems. It was reported that the InSb epitaxial layers can be 

grown on the substrate thermally cleaned without Sb ambient [3, 16-18]. In 

that large flow of Sb during TC process is preferred to suppress the loss of Sb 

atoms from InSb surface [18] however, in many cases this technique lead to 

rough surface morphology due to the condensation of Sb hillocks on the 

surface [17]. So, precisely control of Sb overpressure has to be maintained 
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during TC process.  

 

 

 

 

 

 

 

 

 
Fig. 3.2. Vapor pressure of the III-V elements as a function of temperature 
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3.3. Theoretical background [19, 20] 

 

Epitaxial crystal growth is an example of a dynamical phase transition. A 

stable phase, the epitaxial layers, grows out from a metastable phase, that is 

from an amorphous solid, melt (or liquid solution), or vapor. The driving 

force for the epitaxial growth is the chemical potential difference of the stable 

and the metastable phases. The simple assumption of the linear response, 

which means that the growth velocity is proportional to the driving force, 

gives ideal linear growth laws.  

 

Let me explain the brief review of the basic concepts and terminology of 

thermodynamics before express the relationship between solid and vapor 

composition at the interface, during the epitaxial growth process, by 

assuming the thermodynamic equilibrium conditions. Phase is the first 

important phenomenological concept used in this thesis when considering 

thermodynamics of crystal growth. This is a distinguishable region with other 

phases. Thus, we can consider various phases such as solid, liquid, and vapor 

phases when growing different materials systems using epitaxial method.  

The basic purpose of thermodynamics when treated in epitaxial growth is 

to determine the composition of the various phases and reaction directions in 

an equilibrium system at a constant temperature and pressure condition. The 

terminology of equilibrium means that Gibbs free energy, G, has the 

minimum values. Gibbs free energy is determined in terms of the enthalpy, H, 

and entropy, S:  

G = H – TS                    [eq. 3-3] 
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where, 

H = U + PV                  [eq. 3-4] 

and U is the internal energy, V is the system volume, and P is the pressure of 

the system. G, H, S, U, and V are all extensive quantities, i.e., they all depend 

on the size of the system. Since two phases system was considered, the total 

free energy is given:  

GTOT = Gα + Gβ,               [eq. 3-5] 

Since GTOT is a minimum a equilibrium, the change in GTOT by transferring 

an infinitesimally small number of moles of component i , dni ,between two 

phases caused no change in GTOT. This may be expressed as: 

            [eq. 3-6] 

where the superscripts α and β represent the two phases. The partial 

derivative of G with respect to ni is so important quantity for thermodynamic 

calculation that it is given a name, the chemical potential, represented as μi . 

Thus, the equilibrium condition may be expressed in the simple form 

                  [eq. 3-7] 

for each component in the system. For a reversible perturbation of the system, 

it can be shown from the equation 3-4 and 3-5 and the relationship of            

dU=TdS-SdT that 

dG=VdP-SdT                 [eq. 3-8] 

This is the one of the Maxwell’s equation of thermodynamics [20]. For an 

ideal system (e.g., ideal gas) PV=nRT, thus, at contant T, equation 3-9 yields 

for a change in pressure 

dG=nRTd ln(P)                 [eq. 3-9] 
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hence, for an ideal single gas   

μ = RT ln(P)                  [eq. 3-10] 

and  

μ = μ0 + RT ln (P/P0)               [eq. 3-11] 

where, μ0 and P0 represent the chemical potential and pressure of an arbitrary 

standard state. For an ideal gas mixture, 

μi  =  μi 
0 + RT ln (Pi /Pi

0)             [eq. 3-12] 

where Pi is the partial pressure, equal to the mole fraction xi multiplied by P, 

and the standard state is usually a pure component i . 
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3.4. Experimental procedures  

 

In order to optimize the best InSb surface quality for the epitaxial growth, 

InSb substrates were prepared by solvent cleaning, native oxide removal, 

thermal cleaning depending on the ambient subsequently. Solvents cleaning 

was treated as represented in the Sec. 2 and followed by drying with N2 gas. 

For the native oxides etching, the mixture of lactic acid (LA) and nitric acid 

(NA) with different mixture ratio and etching time was investigated. Then 

rinsing in DI water was adapted to remove any acids on the surface. In order 

to investigate the effects of group V overpressure conditions on surface 

morphology, thermal cleaning (TC) process was done under either H2 or 

TMSb ambient with different temperature, flow rate, and time. All the 

optimized condition was determined using surface morphology and native 

oxides thickness measured by AFM, and ellipsometer, respectively.  
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3.5. ex-situ wet chemical etching of InSb substrate  

Before in-situ TC process, the native oxides of InSb have to be removed by 

wet chemical etching process as explained in the Sec. 3.2. There are many 

etchant reported for InSb etching. However, for the epitaxial growth, the 

mixture of lactic acid (LA) and nitric acid (NA) were widely used [4]. In this 

thesis, the same etchant were used to remove native oxides.  

 

To ensure the ellipsometer measurement data, TEM analysis was 

performed. Figure 3.2 (a) shows the cross section TEM (XTEM) images of 

air exposure InSb substrate. Native oxides region with different contrast was 

observed and it is confirmed by diffraction patterns with amorphous phases. 

The air exposed InSb substrates has the 24 Å of native oxides thickness as 

confirmed by XTEM measurements. The same sample was used to measure 

the native oxide thickness using ellipsometer. The thickness of native oxides 

measured by ellipsometer is also 24 Å. From the consistent thickness 

measured by two techniques, the thickness of native oxides measured by 

ellipsometer is reliable values.   

 

In this experiment, native oxides were effectively removed in the mixture 

ratio of two acids. The five mixture ratios of LA: NA = 1:1, 5:1, 10:1, 20:1 

and 50:1 were investigated. In case of (1:1) for dipping at 300 sec, the InSb 

surface turned out to be burned as confirmed by optical microscopy as shown 

in Fig. 3.3. The surface was not uniform due to the burned area so 

ellipsometry measurement was not conducted as shown in fig 3.3 (c). In Fig. 

3.3 (c), in case of (50:1), the thickness of native oxides were increased from 
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27 to 40 Å as the etching time was increased from 180 to 360 sec, indicating 

that oxidation was proceeded. In case of LA:NA ratio of 5:1 and 20:1, the 

native oxides thickness was reduced with increasing etching time. I found 

that best effective etchant for InSb native oxides was determined by the 

mixture ratio of 10:1 as etching was done about 300 sec as shown in Fig. 3.3 

(c).  

 

For the effective wet etching, oxidizer, etchant and diluter are mixed 

adequately. In this experiment, NA was used as an oxidizer and LA has a role 

of etchant. Dilution was not conducted. With increasing oxidizer ratio, the 

surface will be significantly oxidized due to the strong effects of oxidizer. On 

the other hand, no etching will be conducted if there will be lots of etchant 

ratio because etchant will not attack covalent bond of InSb. Oxidizer can 

break the covalent bond in order to remove easily by etchant. In case of (50:1) 

ratio, there are to many etchant compared to the oxidizer, NA. In this case, 

although InSb surface is oxidized due to the presence of NA, etching process 

is prohibited due to the hindrance of LA supply towards the oxidized InSb 

surface. It produces the increase of native oxide thickness. Based on the 

empirical rule in III-V semiconductor etching [21], NA breaks the covalent 

bonds of InSb and subsequently the electron rich α-hydroxy acids (lactic acid) 

bind to In ions (In3+). The additional action of the α-hydroxy acids makes an 

important role to remove In. The binding between lactic acid and In ions 

were due to the presence of numerous lone electron pairs on the oxygen 

atoms of the –COOH and the –OH groups [22]. With increasing the 

concentration of lactic acids, the hindrance of unpaired electrons by repulsive 

forces is the main origin that lactic acid can not move to the oxidized surface 
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effectively. The surface morphology was analyzed by the AFM as shown in 

Fig. 3.4. The mixture of LA: NA (10:1) solution was used as an etchant and 

etching time was varied. The surface morphology of bare InSb is represented 

in Fig. 3.4 (a) with a RMS roughness of 0.14 nm and the highest RMS 

roughness is obtained at 120 sec. It is gradually decreased with increasing 

etching time from 120 to 300 sec. It is speculated that surface is not reacted 

with etchant significantly with small variation of RMS roughness up to 60 

sec. However, the InSb surface was selectively etched, showing the large 

RMS roughness then it is smoothing with increasing etching time.  

 

The thickness of native oxides was reduced since rinsing durations in DI 

water is reduced. After etching of native oxides in the mixture of lactic acid 

and nitric acid (10:1) with rinsing in DI water for 120 min, the thickness was 

estimated at 12 Å by measuring ellipsometery as shown in Fig. 3. 3 (c). 

However, it was reduced by rinsing in DI water for shorter time to 30 sec, its 

thickness was estimated by 7.8 Å as represented in Fig. 3. 5 (a). It is 

indicating that native oxide was reproduced even in the DI rinsing process by 

exposed to the DI water (H2O). 
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Fig. 3.3. (a) A XTEM image of air exposured InSb substrate with 24 Å 

thickness of native oxides. (b) Optical microscopy images of surface etched 

in lactic: nitric acid (1:1) (c) native oxide thickness measured by ellipsometer 

depending on the mixture ratio and etching time.  
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Fig. 3.4. AFM images of InSb surface etched in lactic: nitric acid (10:1) with 

different etching time (a) 0 sec, (b) 30 sec, (c) 120 sec, (d) 300 sec. (e) A 

graph of RMS roughness depending on the etching time. 
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Fig. 3.5. Native oxides thickness and RMS roughness depending on the 

thermal cleaning temperature and corresponding AFM images of (b) after H2 

purge (c) 495 oC, (d) 505 oC, and (e) 515 oC for 5 min in H2 ambient 
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3.6. in-situ thermal cleaning (TC) of InSb substrate  

 

3.6.1. H2 ambient   

 

3.6.1.1. Effects of TC temperatures on InSb substrate   

 

The native oxide thickness and surface roughness depending on the TC 

temperature is represented in Fig. 3.5 (a). As etched InSb sample and rinsed 

for 30 sec, the thickness of native oxide is 7.8 Å. During the H2 purge for 20 

min, the thickness has not been changed significantly. However, it is 

significantly decreased up to almost 4.1 Å when the TC was conducted at 495 
oC for 5 min. It was gradually decreased with increasing TC temperature to 

515 oC. With increasing TC temperatures, surface morphology became rough 

as shown in Fig. 3.5 (b-e). Just after H2 purge process, RMS roughness of 3.3 

nm was observed, whereas it was significantly increased to 6.1 nm when the 

sample was thermally cleaned at 515 oC. These results indicated that native 

oxides thickness and surface morphology was significantly influenced by the 

applied thermal energy. When a lot of thermal energy was supplied to the 

sample, native oxides existed on the surface can be desorbed on the surface 

but rough surface morphology was induced due to the selective desorption.  

 

3.6.1.2. Formation of indium droplets surrounded by 

rectangular etch pits   

 

After TC process under H2 ambient, droplets were observed on the InSb 
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surfaces. Figure 3.6 (a) illustrates the SEM images of InSb surfaces thermally 

annealed in H2 ambient at 515 oC for 5 min which corresponding AFM image 

is represented in Fig. 3.5 (e). EDS mapping of the sample thermally cleaned 

at 515 oC was conducted in order to investigate the composition of the 

droplets. The droplets highlighted with red dotted circles and corresponding 

EDS mapping images of indium (In) and antimony (Sb) were represented in 

Fig. 3.6 (b) and (c), respectively. It represented that the composition of 

droplets were turned out to be an In. In droplets were formed on the InSb 

surface after thermal annealed under H2 ambient, indicating that InSb surface 

was severely damaged by the thermal energy to form the In droplets. The size 

of In droplet was estimated by 3~4 m in diameter and its size was dependent 

on the thermal cleaning temperature and time. With decreasing thermal 

annealing temperature, the size was decreased to 2 m when annealed at 495 

oC for 5 min. the size was increased to more than 3 times in diameter when 

the thermal annealing time was increased to 15 min [23].  

 

I also observed rectangular parallelograms around In droplets as illustrated 

in Fig. 3.6 (a). As I can expect, the formation of rectangular parallelograms 

was the dependence of thermal annealing temperatures and times. At 495 oC, 

small size In droplets were formed, resulting in the small sized etch pits 

formation not rectangular shape this conditions near In droplet. With 

increasing annealing temperature, more clear etch pits were observed which 

has some facets bounded by <110> directions. Well defined and much larger 

rectangular parallelograms were observed when the samples were heated for 

longer time. The etch figures are bounded and well aligned in the direction of 
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<110> when viewed parallel to the <100> direction. In order to determine the 

facet, angles between substrate and facets were investigated using the same 

samples of 515 oC for 5 min treated as represented in Fig. 3.7 (a). Cleavage 

direction was represented as A-A’. The angle obtained was 54.4 o between 

facet and substrates as shown in Fig. 3.7 (b). Using eq. 3-13, the facet was 

identified as [24] plane.  

 

      [eq. 3-13] 

 

{111} facets were formed due to the polarity effects in zincblende (ZB) 

structures. In ZB structures, it is known that (110) and (100) exhibits no 

polarity but (111) shows the polarity which surface is terminated by the In or 

Sb atoms. Ideally, (100) surface is composed of either In or Sb, however real 

(100) surfaces consist of both In and Sb atoms, showing non polarity [25]. As 

a result, the formation of polarity (111) plane was reflected on the InSb 

surface during thermal annealing. The relative reactivity in ZB-InSb crystal is 

reported as below [26]: 

                 (-111) > (111) ≈ (100) > (110)  

The etch figures were appeared as rectangular parallelograms rather than 

square when viewed parallel to the <100> directions. It is the results of 

reactivity difference in {111} facets. Sb terminated {111} surface is much 

more reactivity than that of In terminated {111} surface. Since Sb terminated 

{111} have more valence electrons, it shows the higher reactivity, resulting in 

the rectangular etch figures [27].  
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Figure 3.8 illustrated the process of native oxide desorption and In droplet 

with rectangular etch pits formation. After native oxides were etched in the 

mixture of lactic acid and nitric acid, non-uniform native oxides with a 

thickness of 7.8 Å were re-grown on the InSb surface due to the rinsing in DI 

water and exposure in air before inserting MOCVD growth chamber (Fig. 3.8. 

(a)). With increasing thermal annealing temperature, the native oxides were 

desorbed by the applied thermal energy. The native oxides were desorbed 

non-uniformly due to the non-uniformity of native oxides thickness and/or 

lateral variation of the oxides stoichiometry (Fig. 3.8 (b)). A desorption 

process was the function of thermal cleaning temperature but annealing time 

was not effective factors. When the InSb surface was exposed as shown in 

Fig. 3.8 (c), elemental Sb was desorbed from the InSb surface due to the 

different vapor pressures between In and Sb. Since the vapor pressure of Sb 

is increased at higher temperature based on the Clausius–Clapeyron equation, 

preferentially evaporation of Sb from the InSb surfaces was accelerated. As a 

result, excess In were generated and migrated on the InSb surface to form In 

droplets. In droplets were collected each others with time the larger ones 

grow at the expense of the smaller ones to reduce the surface free energy of 

the island as shown in Fig. 3.8 (d). It is normally called Ostwald ripening 

process [28]. Due to the thermal energy, rectangular etch pits were also 

generated surrounded by the In droplets.  
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Fig. 3.6. (a) A SEM images of InSb surface thermally treated at 515 oC in H2 

ambient. Corresponding EDS mapping images of (b) indium and (c) 

antimony 
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Fig. 3.7. (a) An enlarged SEM images of InSb surface thermally treated at 

515 oC in H2 ambient. (b) XSEM image cleavaged by A-A’ direction. The 

angle between (100) and (111) is 54.4o 
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Fig. 3.8. Illustration of native oxide desorption and In droplet formation (a) 

native oxides re-growth (b) thermal desorption of native oxides (c) Sb 

evaporation from InSb surface (d) In droplet formation with rectangular etch 

pits 
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3.6.2. TMSb ambient   

 

3.6.2.1. Effects of TC temperatures on InSb substrate   

 

Since elemental Sb was evaporated incongruently from InSb surface, In 

droplets were formed. In order to inhibit the In droplets formation, group V 

overpressure of trimethylantimony (TMSb) in this experiment was 

maintained during thermal cleaning process. The formation of In droplets 

were completely inhibited as shown in Fig. 3.9 (a). SEM image shows that no 

In droplets on the InSb were formed on the surface when thermally annealed 

under TMSb mole fraction of 18.1 mol/min. The thickness of native oxides 

on the samples thermally annealed under TMSb ambient was represented 

with triangle symbol in Fig. 3.9 (b). With increasing TC temperature, the 

thickness of native oxides has similar thickness of the sample treated under 

H2 ambient, indicating that native oxides was desorbed due to the applied 

thermal energy. However, RMS roughness was slightly decreased when 

annealed under TMSb ambient. At 495 oC, the RMS roughness of 4.6 nm was 

measured and it was increased to 5.3 nm at 515 oC. By comparing RMS 

roughness of the sample treated under H2 ambient, the reduction of RMS 

roughness values was obtained. The slightly decrease of the RMS roughness 

in the sample treated under TMSb ambient indicates that chemical potential 

of Sb between gas phases and solid phases was different. Hence insufficient 

Sb vapor pressure was supplied from gas phase to suppress the evaporation of 

Sb from the surface.  
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3.6.2.2. Effects of TMSb mole fraction on InSb surface 

morphology    

 

A relative rough surface morphology was obtained when 18.1 mol/min of 

TMSb overpressure was maintained. In order to obtain much smooth surface 

morphology, TMSb molar flow rate was varied from 18.1 to 154.0 mol/min. 

Figure 3.10 (a-d) show the AFM images of InSb surface thermally annealed 

under TMSb molar flow rate of (a) 18.1, (b) 63.4, (c) 108.7, and (d) 154.0 

mol/min. When the low TMSb molar flow rate was applied, large features 

were observed with rough surface morphology and smooth surface 

morphology with RMS roughness of 1.1 nm was obtained with increasing 

TMSb molar flow rate to 108.7 mol/min. At TMSb molar flow rate of 154.0 

mol/min, RMS roughness was slightly increased to 2.1 nm. The 

corresponding surface morphology line profile was represented in Fig. 3.10 

(e).  

 

From the illustration of chemical potential difference of Sb between gas 

phases and InSb surface in Fig. 3. 11, this surface morphology depending on 

the TMSb flow rate was explained. At TMSb flow rate of 18.1 and 63.4 

mol/min, chemical potential of Sb from InSb surface was higher than that of 

Sb in the gas phases, showing rough surface morphology due to Sb 

desorption at a given annealing temperature. This was explained in Fig. 3.11 

(a). As shown in Fig. 3.11 (b), the chemical potential of two phases are 
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almost balanced by increasing TMSb molar flow rate to 108.7 mol/min, 

smooth surface morphology was obtained by inhibiting the Sb desorption. 

When the excess TMSb was supplied at a flow rate of 154.0 mol/min, gas 

phase of Sb can affect to surface morphology change due to the low vapor 

pressure of Sb as shown in Fig. 3.11 (c). This effect was confirmed by Raman 

spectroscopy measurements as shown in Fig. 3.12. In the TMSb molar flow 

rate ranges between 18.1 and 108.7 mol/min, only two InSb phonon mode 

was observed at 191 and 180 cm-1, respectively. These were contributed by 

the InSb longitudinal phonon mode (LO) and transverse phonon mode (TO). 

However, two Sb related phonon modes of Sb (A1g) and Sb (Eg) were 

observed in the InSb sample thermally treated under TMSb ambient with a 

flow rate of 154.0 mol/min. It represents that Sb induced from gas phase 

were condensed on the InSb surface, producing Sb related Raman phonon 

peak. As a result, relatively smooth surface morphology was observed as 

shown in Fig. 3. 10 (e). When the small amount of Sb was presented on InSb 

surfaces, Raman measurements can detect it due to the Sb resonance effects.  
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Fig. 3.9. (a) SEM image of InSb thermally annealed at 515 oC for 300 sec 

(TMSb molar flow rate= 18.1 mol/min) (b) Native oxide thickness and 

corresponding RMS roughness of InSb substrates thermally annealed at 495 
oC and 515 oC. A data obtained H2 ambient were included for the comparison. 
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Fig. 3.10. AFM images of InSb annealed under different TMSb molar flow 

rate of (a) 18.1, (b) 63.4, (c) 108.7, and (d) 154.0 mol/min and (e) its 

corresponding surface line profiles.  
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Fig. 3.11. Illustration of chemical potential of Sb between gas phases (vapor) 

and substrate surface (solid) (a) PSb at solid > PSb at vapor (b) PSb at solid = 

PSb at vapor (c) PSb at solid < PSb at vapor 
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Fig. 3.12. Raman results of InSb samples thermally treated under TMSb 

ambient. TMSb molar flow rate was varied from 18.1 to 154.0 mol/min. 
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3.7. Effects of thermal cleaning ambient on the quality of InSb 

epilayers 

 

3.7.1. Influence on the crystallinity   

 

Figure 3.13 (a) shows the high resolution X-ray rocking curve (XRC) of 

InSb epilayers. When InSb epilayers grown on InSb substrates thermally 

cleaned under H2 ambient, full width at half maximum (FWHM) of 19.3 

arcsec was obtained. On the other hand, the FWHM of InSb layers grown on 

InSb substrates thermally cleaned under optimized TMSb ambient was 

reduced to 10.5 arcsec, implying that, as a result of TMSb overpressure, the 

crystal quality of InSb epitaxial layer was improved. In addition, XRD 

measurement of the bare InSb substrates before and after the TC has been 

done. All of them showed a similar FWHM value of 34 arcsec, which is 

larger than those of the InSb epitaxial layers. This indicates that the x-ray 

information of InSb substrate effects on the x-ray rocking curve negligibly. In 

order to investigate the origin of the broadening of x-ray rocking curve for 

the sample grown after the TC under H2 ambient, we performed the 

reciprocal space mapping (RSM) measurement for the two InSb epitaxial 

layers. Figure 3.13 (b, c) show the the RSM results of (004) reflection for the 

two InSb epitaxial layers grown after TC under (b) H2 (c) TMSb ambient, 

respectively. The maps were represented in reciprocal lattice units (rlu) with 

the horizontal axis representing the in-plane scattering vector components 

(Qx) and the vertical axis representing the scattering vector component (Qy) 

perpendicular to the epitaxial layer surface. The counter levels of the 
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horizontal and the vertical scales were kept equal for all the maps. Both 

mapping of the InSb layers show only one peak of an InSb (004) reciprocal 

point, which implies that there is no extra materials included in the InSb 

layers. RSM of the InSb layers grown after TC under H2 ambient shows that 

the (004) Bragg spot is somewhat elongated along the Qx axis in the 

reciprocal space as shown in Fig. 3.13 (b). This implies that a crystal quality 

of the InSb layer grown after TC under H2 ambient could be degraded by the 

formation of mosaic structures. It is assumed that this mosaic structure was 

induced by the growth interference due to the In droplets formed on the InSb 

(001) surface during the TC under H2 ambient. In contrary, RSM of the InSb 

layer grown after TC under TMSb ambient shows an almost circular shaped 

peak, indicating that high quality of InSb epilayers can be grown as shown in 

Fig. 3.13 (c).  

 

3.7.2. Origin of the degraded quality of InSb epilayers  

 

As described in the Sec. 3.7.1, crystallinity of InSb epilayers was degraded 

when it was grown on the InSb substrate thermally annealed under H2 

ambient. The origin of degradation was investigated using low temperature 

photoluminescence (PL) measurement as shown in Fig. 3.14. Four PL peaks 

were observed and each peak was denoted from #1 to #4. More detailed 

explanation of each peak was represented in the chapter 4. The peak #1 was 

originated from near band edge emission [29, 30]. The peak of #1 was 

located at a different position. The PL peak of InSb epitaxial layer grown on 

InSb substrate under H2 ambient was shifted toward lower emission energy 
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and the peak intensity was decreased. It implies that point defects were 

introduced into the InSb epitaxial layer and consequently the film quality was 

degraded. When InSb was grown under In-rich growth condition, donor type 

of defects was incorporated into InSb epitaxial layers. This donor defect 

shows the positive charges due to the ionization and was positioned below 

conduction band edge, interacting with conduction band electrons. The 

conduction band edge was fluctuated by the interaction, introducing red shift 

of PL emission. More detailed and systematic investigation was introduced in 

chapter 4. 
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Fig. 3.13.  X-ray rocking curve of InSb epitaxial layers grown on InSb 

substrates thermally treated under either H2 or TMSb ambient. Reciprocal 

space mapping results of (004) reflection for the two InSb epitaxial layers 

grown on the substrate annealed under (b) H2 and (c) TMSb ambient, 

respectively.  

-600 -400 -200 0 200 400 600
In

te
n

si
ty

 (
a.

u
.)

Degree (arcsec)

 

Reference
      Bare InSb substrate
TMSb flow rate (mol/min)
      0
      108.7

(a)

0.0 0.4 0.8

Qx*10000(rlu)

Q
y*

10
00

0(
rl

u
)

-0.4-0.8

4740

4750

4760

4770

0.0 0.4 0.8

Qx*10000(rlu)

Q
y*

10
00

0(
rl

u
)

-0.4-0.8

4740

4750

4760

4770

(b)

(c)



 

 98

 

 

 

 

 

 
Fig. 3.14.  Photoluminescence of InSb epilayers grown on InSb substrate 

thermally treated under H2 and TMSb ambient. The PL emission was 

obtained at 10 K with a power density of 400 mW.  
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3.8. Summary  

 

I investigated the cleaning of InSb substrate for high quality of epitaxial 

layer growth using MOCVD. First, initial native oxides of InSb were 

removed by dipping in optimized wet chemical etchant. The thickness of 

native oxides was effectively removed by controlling the ratio of the etchant. 

At non-optimized ratio of etchant, the native oxides became thicker and 

thicker with increasing etching time and sometimes the surface can be burned 

when the oxidizer ratio was increased. Then the samples were in-situ 

annealed in the growth chamber with different ambient condition. In case of 

H2 ambient, native oxides became thinner and thinner with increasing 

thermal cleaning (TC) temperature up to 515 oC. However, rough surface 

morphology was observed due to the applied thermal energy. In this ambient, 

In droplets surrounded by rectangular etch pits were formed on the surface. 

In case of TMSb ambient, the formation of In droplets with etch pits were 

completely inhibited by applied Sb. As a result, surface morphology became 

smooth and the lowest RMS roughness of 1.1 nm was measured when 

enough TMSb was applied to suppress the evaporation of Sb from the surface. 

InSb surface treatment under TMSb ambient influenced on the crystal quality 

of InSb epilayers. I found that In interstitial defects were incorporated into 

InSb epilayers when InSb substrates were annealed under H2 ambient. 

Induced In droplets may be the source of excess In that can be incorporated 

in InSb epilayers. Excess In can produce point defects, affecting the crystal 

quality degradation.  
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Chapter 4. Growth and characterization of InSb 

epitaxial layers 

 

4.1. Introduction 

 

Opto-electronic devices are an interesting device of electronics that 

combines both electronics and optics. There are two types of devices in 

principles. When the devices are exposed to incident light energy or photon, 

the devices produce electrical energy. Sensors and solar cells are included in 

this category. On the other hand, in case of light emitting diodes (LEDs), the 

material emits the light when the electrical energy is applied to the materials. 

In both cases, electrical and optical energy can be used for the operation of 

devices, so called opto-electronic devices.   

 

In order to operate the opto-electronic devices, both electrical and optical 

properties are very important, which affect to the device performances. For 

example, InSb, a major material used in this thesis, is a suitable material of 

IR PDs detecting for MWIR ranges. As mentioned in the chapter 1, it has not 

only narrowest band-gap energy, which is related to the optical adsorption 

wavelength but also superior electron effective mass (me
*) among other III-V 

semiconductors that contribute to increase mobility of the material. For a 

comparison, me* of InSb and some other III-V semiconductor are 

represented in table 4.1. Consequently, high speed IR PDs can be fabricated 

using the material with smaller me
*. The me* can be deduced from the band 
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diagram of InSb as shown in Fig. 4.1. From the curvature of the band at E-K 

diagram, me* can be determined from the inverse second derivative of the 

band, producing equation 4-1 [1]. 

                                         [eq. 4-1] 

It clearly represents that the me* is much smaller in the direct Г conduction 

band (strong curvature) than in the X or X valley, which have weaker 

curvature in Fig. 4.1.  

 

However, electron and hole mobility are influenced by the scattering due to 

the lattice and impurity [1]. In lattice scattering a carrier moving through the 

crystal is scattered by a vibration of the lattice that is a function of 

temperature. This is dominant mechanism at higher temperature. On the other 

hand, scattering from impurity in the crystal such as ionized impurities 

became dominant mechanism at lower temperature regions. Since the lattice 

atoms in the lower temperature are less agitated, carriers are likely to be 

scattered more strongly by an interaction with a charged impurity. It implies 

that we have to know the information of impurities presenting in the 

materials for the application of high speed and performance opto-electronic 

devices.   
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Fig. 4.1. Band structure of InSb at 300 K 

 

 

 
 

Table 4.1. Electron effective mass of III-V semiconductors 

Material me*/m0

GaAs 0.067

GaSb 0.042

InAs 0.023

InSb 0.013
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4.2. Motivation 

 

In order to investigate the impurities in materials, many techniques such as 

temperature dependent Hall measurements, adsorption, deep level transient 

spectroscopy (DLTS), photoluminescence (PL) etc were developed and 

proposed. Among them, PL is one of the most extensively used spectroscopic 

techniques due to the easy and non-destructive method. It provides the 

information of radiative recombination process as well as residual defects in 

a material. However, PL measurements for defects characterization of InSb 

has not been widely carried out as successful as other III-V semiconductors 

although it has been started from 1950’s [2, 3]. There are two primary 

obstacles that have limited PL analysis of defects in InSb [4]. It has the 

smallest effective mass among all III-V binary semiconductors, which results 

in a very small donor Mott concentration (n~ 6 x 1013 cm-3). Consequently, 

shallow donor levels are significantly broadened and even merged with 

conduction band that make it difficult to identify the defect states in InSb 

materials. Another obstacle is the smallest band-gap energy of InSb which 

presents difficulties for PL measurements. Photons from room temperature 

blackbody radiation, having similar energies to the InSb PL, generate noise in 

the detector and consequently influence on the dramatically reduce the signal 

to noise (S/N) ratio and high resolution PL measurements is not feasible. Due 

to the difficulties of InSb characterization via PL measurement, limited 

numbers of InSb investigation using PL analysis method have been 

performed. 

 

Since a room temperature PL measurement of bulk InSb conducted by 
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Moss et al. in 1956, the PL studies of bulk n-and p-type InSb were performed 

at various temperatures to identify the origin of PL emissions [3, 5, 6]. 

Through these studies, PL emissions associated with band to band transitions, 

transitions created by an optical phonon as well as transitions involving 

acceptor impurities such as zinc, silver, germanium and gold were identified. 

The effect of applied magnetic field and electric field during PL measurement 

was also studied [4, 6]. Bound exciton of InSb at 231.1 meV was observed in 

the InSb PL spectrum measured at 5.1 K. It was originated from the acceptor-

bound excition transition under zero magnetic field [7]. PL measurements of 

homo- and hetero-epitaxial InSb layers grown by metal organic chemical 

vapor deposition (MOCVD) [8, 9] and molecular beam epitaxy (MBE) [10, 

11] under an optimized growth condition were performed. All PL spectra of 

homo-epitaxial InSb layer showed the same PL spectra of bulk InSb. On the 

other hand, only single broad PL spectrum of band to band transition was 

observed and shifted toward higher emission energy for the InSb sample 

grown on GaAs substrate. These were ascribed either to residual strains in the 

InSb layers or to a rise in carrier concentration induced by electrically active 

dislocations at InSb/GaAs interfaces [10, 11].  

 

Until now, in order to growth high quality of InSb epilayers, growth 

conditions have to be optimized and the effects of growth parameters on InSb 

epilayers have to be investigated as a fundamental study. 
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4.3. Experimental procedures 

 

In order to growth high quality of unintentionally doped InSb under 

optimized growth conditions, growth parameters such as growth temperature 

(TG) and V/III ratio was varied. Basic growth condition and analysis 

condition was mentioned in the chapter 2. In this chapter, TG was changed 

from 450 to 510 oC and V/III ratio was varied from 2.2 to 13.2 with different 

MO source supply. TMIn mole fraction was varied from 2.47 to 4.94 

mol/min and TMSb mole fraction was changed from 18 to 72 mol/min.  

 

For the growth of p-InSb, diethylzinc (DEZn) was used as a p-type dopant. 

To obtain hole concentration for the IR PDs fabrication, like unintentionally 

doped InSb, the effect of DEZn mole fraction and TG on the hole 

concentration was investigated by changing DEZn mole fraction from 0.144 

to 1.22 mol/min. The same TG range was used.  

 

When the growth rate of InSb grown on InSb substrate was measured, 

dummy InSb wafer was used to identify the thickness of InSb epilayers and 

surface profiler was used to measure it. The schematic diagram and measured 

the thickness of InSb epilayers are represented in Fig. 4.2 (a) and (b). 

 

Since InSb has no semi-insulating substrate, causing the difficulties in the 

electrical measurements. During the Hall measurements of unintentionally 

doped and Zn doped InSb, p-type with a carrier concentration of 1018 cm-3   

and n-type substrates were used to growth its InSb epilayers on them, 

respectively. 
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Fig. 4.2. (a) A technique for growth rate measurements and (b) its result 

measured surface profiler 
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4.4 Epitaxial growth of unintentionally doped InSb 

 

4.4.1. Effects of growth parameters on InSb surface 

morphologies 

  

In order to find optimized growth conditions of InSb, the effect of V/III ratio 

and growth temperature (TG) was investigated. From the AFM images of 

InSb epilayers as shown in Fig. 4.3, all InSb epilayer has smooth surface 

morphology with a RMS roughness of less 1 nm, except the InSb samples 

with indium (In) droplets. At low V/III ratio of 2.2 in all TG ranges, rough 

surface morphology was observed compared to that of InSb grown at other 

V/III ratio. Especially, at low TG in the ranges between 450 and 470 oC, In 

droplets were formed on the InSb surface. However, In droplets were 

removed with increasing V/III ratio up to 13.2. However, smooth surface 

morphology at V/III ratio of 2.2 was observed when InSb were grown at 

relatively higher TG over 490 oC. In this TG ranges, smooth surface 

morphology was observed in all investigated V/III ratio. This rough surface 

morphology is similar to the results for GaAs and GaP [12-14].  

 

Surface roughness can be normally explained by a combination of factors 

which include preferential nucleation, surface diffusion, substrate preparation, 

substrate defects, vapor phase composition and surface reactions [15]. In our 

case, the surface morphology of InSb grown different V/III ratio was 

influenced by vapor phase composition. At V/III ratio of 2.2, more In atoms 

were diffused to the growth surface through boundary layer, resulting in the 
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In-rich InSb growth surface. As a result, extra In atoms which was not 

participated in the growth, can be merged together, forming large sized In 

droplets on the surface. With increasing V/III ratio, more Sb atoms were 

supplied to the growth surface, content of two sources can be balanced each 

other to form stoichiometric InSb epilayers. Smooth surface morphology was 

observed with increasing TG from 490 oC, even at V/III ratio of 2.2. Based on 

the explanation of In droplet removal with increasing V/III ratio, more Sb 

atoms were supplied to the InSb growth surface, resulting in the removal of 

In droplets. It was reported that TMSb was not fully decomposed in this TG 

ranges [16]. At a fixed V/III ratio, the decomposition of TMSb was increased 

with increasing TG, and extra Sb atoms were supplied to balance the amount 

of two sources. At V/III ratio of 8.8, the surface morphology became smooth 

with increasing TG. It was caused by the increase of surface diffusion length 

of ad-atoms on the surface. If the surface diffusion was too slow to find the 

step edge sites for the reduction of surface energy, the preferential nucleation 

was occurred on the surface, generating rough surface morphologies as 

shown in Fig. 4.3.  

 

4.4.2. Effects of growth parameters on InSb crystallinity 

 

I observed that crystallinity of InSb epilayer was influenced by the growth 

parameters. Crystallinity was evaluated by the X-ray Rocking Curve (XRC) 

measurement as shown in Fig. 4.4. With changing V/III ratio from 2.2 to 13.2 

under TG of 490 oC, the broad full width at half maximum (FWHM) of 12.11 

arcsec was obtained at V/III ratio of 2.2. It was gradually decreased to 11.1 

arcsec at V/III ratio of 8.8 then slightly increased with increasing V/III ratio 
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to 13.2. When the TG was varied from 450 to 510 oC at a fixed V/III ratio of 

8.8, the same trend of FWHM dependence was observed. At 450 oC, FWHM 

of 13.33 arcsec was observed and gradually decreased with increasing TG up 

to 490 oC. It was increased to 11.94 arcsec at TG of 510 oC. The result of 

crystallinity with a dependence of growth parameters implies that there might 

be an incorporation of unknown impurities into InSb epilayers during growth 

which caused by the non-stoichiometric growth conditions. Based on the 

crystallinity and surface morphologies of InSb epilayers grown by different 

growth parameters, optimized growth condition in this MOCVD system was 

determined that V/III ratio turned out to be 8.8 under TG of 490 oC. In-rich 

growth condition was observed below V/III ratio of 8.8, whereas slightly Sb-

rich growth condition was observed over V/III ratio of 8.8. Due to the 

incomplete decomposition of TMSb sources, TG ranges below 490 oC can be 

In-rich growth condition and maybe Sb-rich growth condition was 

established at 510 oC.  

 

4.4.3. Growth behavior of InSb grown using TMIn and TMSb 

 

The growth rate of InSb was measured over a broad range of TG, group III 

precursor mole fraction and group V precursor mole fraction for TMIn/TMSb 

growth chemistry. The TG was varied from 450 to 510 oC while the both 

reactant mole fractions were held constant with V/III ratio of 8.8 to determine 

the temperature dependence of the growth rate as shown in Fig 4.5 (a). In the 

TG ranges, the growth rate showed the strong temperature dependence where 

the growth rate was exponential dependence with TG, that is called kinetically 

limited growth behavior. It implies that the growth of InSb using TMIn and 
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TMSb was thermally activated over this TG ranges. The apparent activation 

energy, measured from the slope of the Arrhenius plot of the growth rate, was 

13.6 kcal/mol. For comparison, apparent activation energy of 14 kcal/mol 

using the same source combinations used in this study [15, 17]. The 

differences of apparent activation energy values may be caused by the 

different reactor geometry, which influence on the extent of the temperature 

dependent reactions. Therefore, these apparent activation energy is a 

combination of the temperature dependence of the concurrent processes of 

gas and surface reactions and the interaction of the reactions with the fluid 

flow environment within the reactor governing factors such as wall 

depositions and gas phase temperature [18].  

 

The growth rate was determined over a range of group III mole fraction 

with the TMIn mole fraction (MFTMIn) varying from 2.47 to 4.94 x 10-6 

mol/min for the TMIn/TMSb growth chemistries at a constant TMSb mole 

fraction (MFTMSb) of 36.0 x 10-6 mol/min as shown in Fig. 4.5 (b). The 

dependence of source materials mole fraction on the growth rate was 

investigated at a constant TG of 490 oC. The dependence of TMIn on growth 

rate exhibited a linear relationship between the growth rate and MFTMIn.  

 

The effects of group V mole fraction, at a constant group III mole fraction, 

on the growth rate showed the independently relationship as shown in Fig. 4. 

5 (c). In this investigated TMSb mole fraction ranges (MFTMSb), MFTMSb was 

varied from 18.0 to 72.0 x 10-6 mol/min during keeping MFTMIn of 4.12 x 10-6 

mol/min. The accessible range of applied source mole fractions for these 

growth chemistries was limited by the formation of In droplets at high group 
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III mole fractions. From the observed results clearly suggest that the InSb 

growth rate is controlled by the lack of absorbed In species on the surface 

reacting with the absorbed Sb to form InSb. It represents that the growth 

surface was saturated by Sb species with low In surface coverage. 

 

 Based on these results, a simple bimolecular Langmuir-Hinshelwood type 

mechanism is proposed for InSb growth using TMIn and TMSb precursors 

chemistries, analogous to the growth of GaSb [19].  

 

                  [eq. 4-2] 
 

where kInSb is the rate constant for the surface reaction between the absorbed 

species, KIn and KSb are the equilibrium constants for the adsorption of the 

dominant In and Sb species arriving at the surface, and PTMn and PTMSb are 

the partial pressures of the precursors introduced in the gas phases in the 

chamber which was residual amount of partial pressure of each precursors 

that total amount of precursors introduced into the deposition chamber minus 

what is lost due to the parasitic reaction between two precursors and the 

deposition of solid on the reactor chamber walls. In this model, a high 

MFTMSb would lead to a high Sb surface coverage (KSbPTMSb ≫ 1), 

introducing a weak or negligible growth rate dependence on MFTMSb. On the 

other hand, at a low In surface coverage (KInPTMIn ≪ 1) case, there would 

be a linear dependence of the growth rate on the MFTMIn. As a result, in this 

growth condition of InSb, strong dependence of the growth rate on MFTMIn 
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indicates deficient In growth conditions on the surface, resulting in the 

enhancement of the growth rate with increasing MFTMIn.  

 

From the Fig. 4.5 (a-c), we observed that the growth rate was influenced on 

the growth temperature and showed the linear dependence of MFTMIn and 

independent of MFTMSb. This indicates that TMIn precursors are not fully 

decomposed at the investigated TG ranges from 450 to 510 oC even though it 

was reported that TMIn in H2 ambient are fully decomposed [20]. This was 

caused by hydrogen radicals. Buchan et. al., investigated the decomposition 

of TMIn [(CH3]3In] in H2 ambient with mass spectroscopic techniques and 

suggested the possible process. A chain reaction of TMIn is indicated below.  

 

(CH3)3In  (CH3)2In + CH3                [eq. 4-3] 

 

(CH3)2In  (CH3)In + CH3                 [eq. 4-4] 

 

CH3 + H2  CH3H + H                   [eq. 4-5] 

 

A possible In formation process is below 

 

(CH3)In + CH3  C2H6 + In                [eq. 4-6] 

 

(CH3)In + H  CH3H + In                [eq. 4-7] 

 

From the eq. 4-5, H radical was formed due to the chemical reaction between 

CH3 and H2. These H radical has important role in producing In atoms from 
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monomethylindium as shown in eq. 4-7. Larsen et. al. reported the 

decomposition of TMSb [16] and possible chain reaction of TMSb is 

indicated below 

 

(CH3)3Sb  (CH3)2Sb + CH3             [eq. 4-8]  

 

CH3 + H2  CH3H + H                [eq. 4-9] 

  

(CH3)3Sb + H  CH3H + (CH3)3Sb         [eq. 4-10] 

 

(CH3)2Sb  CH3 + CH3Sb              [eq. 4-11] 

 

 

From the decomposition of TMSb, H radicals were generated as indicated 

eq 4-9 and have import role in decomposition of TMSb as represented in eq. 

4-10. H radicals produced in both precursors make an important role to 

enhance the decomposition of TMSb and to retard the TMIn in the mixture of 

TMIn and TMSb in H2 ambient [16]. H radical produced in TMIn 

decomposition [eq. 4-5] will affect to decompose the TMSb precursor and 

producing increase of TMSb decomposition rate. As a result, the 

decomposition of TMIn was retarded due to the depletion of H radicals in the 

co-existence of TMIn and TMSb systems.  
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Fig. 4.4. FWHM of InSb grown at different (a) V/III ratio and (b) growth 
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Fig. 4.5. (a) Arrhenius plot of the growth rate of InSb for TMIn/TMSb. 
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4.5 Optical analysis of unintentionally doped InSb  

 

4.5.1. Near band edge (NBE) emission shift 

 

Figure 4.6 (a) shows the 10 K PL spectra obtained from the unintentionally 

doped InSb epitaxial layers grown on InSb substrates at various V/III ratios. 

The V/III ratio was varied from 2.2 to 13.2 at a fixed growth temperature (TG) 

of 490 oC. The PL spectra were intentionally offset along the y-axis with 

respect to each other for better clarity. The PL spectrum of our InSb samples 

consisted of four PL peaks positioned near 235 meV (#1), 228 meV (#2), 212 

meV (#3) and 175 meV(#4).PL measurements were conducted at 10 K and 

532 nm Ar+ laser with a power density of 400 mW were used for all 

measurement.  

 

The highest PL emissions (#1) were assigned as near band edge (NBE) 

emission because the PL emission energies were agreed reasonably well with 

the previous reported band gap values of InSb [5, 8, 21-24]. From the Fig. 4.6 

(a), the shift of the #1 emission was observed depending on the V/III ratio 

ranging from 2.2 to 13.2. In Fig. 4.6 (b), InSb sample grown at V/III ratio of 

8.8 was found to have the highest PL peak position located at 236.2 meV 

along with the narrowest a full width at half maximum (FWHM) of 3.2 meV. 

The FWHM was obtained by deconvolution of peak #1, #2 and #3. However, 

there were red shift of the PL emission and a tendency toward increasing 

FWHM for samples grown at both lower and higher V/III ratio. The largest 

red shift of PL emission was appeared at 234.2 meV along with FWHM of 
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4.2 meV for the InSb sample grown at V/III ratio of 2.2. These behaviors 

with various V/III ratios can be explained by three main factors of variation 

of carrier concentrations, residual strains induced in the InSb epilayers and 

impurity energy level formation (Urbach tail) [25-27].  

 

In order to investigate the origin of NBE emission shift with respect to the 

V/III ratio, electrical properties of the InSb samples were firstly investigated 

by Hall measurements at 77 K. A magnetic field of 0.37 T was applied during 

the measurements. The carrier concentration and Hall mobility of the InSb 

samples as a function of the V/III ratio were plotted in Fig. 4.7. In the 

investigated V/III ratio ranges, all InSb sample showed n-type conductivity 

regardless of V/III ratio, implying that charged donor type of defect was 

incorporated spontaneously into the InSb epitaxial layers in all V/III ratio 

range. This result was similar to other reported conductivity type of 

unintentionally doped InSb samples grown by MOCVD [28, 29].  

 

When the carrier concentrations in InSb epitaxial layers were changed with 

a dependence of V/III ratio as shown in Fig. 4.7, the NBE can be shifted due 

to the Burstein-Moss (BM) shift and/or band gap renormalization (BGR) 

effects [26]. The BM shift was the shift of the absorption edge to higher 

energies occurring at high doping concentrations. This effect was induced by 

the band filling. When the carrier concentration was increased, the carrier can 

be occupied from the bottom of the conduction band and further occupy the 

higher energy level in conduction band due to the finite density of state. Due 

to the band filling, absorption transitions cannot occur from the bottom of the 

conduction band to the top of the valence band. As a result, higher emission 
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energy was induced. With increasing carrier concentration in InSb, another 

effect of BGR has to be considered. At high carrier concentration, band gap 

energy decreases due to the many reasons. The most important reasons for 

BGR are many-body effects of free carriers which lower the electron energies 

as compared to a non-interaction carrier system. At higher carrier 

concentration system, carrier interactions between free carriers became 

increased due to the small carrier to carrier distance. Electrons can interact 

with each other either by their long-range coulomb potential or via their 

electron spin. Electrons in higher carrier systems can be redistributed 

spatially in order to reduce the long-range Coulomb interaction energy. The 

energy of the electron added to the semiconductor is reduced by the 

redistribution of neighboring electrons. Carriers can also interact with their 

spins. Due to the Fermion nature of electrons, each volume element in phase 

space can be occupied by at most two electrons with opposite spin due to the 

Pauli principle. Electrons with the same spin have a repulsive interaction 

while electrons with opposite spin have an attractive interaction. If electrons 

were distributed uniformly throughout the crystal, the attractive and repulsive 

energies would exactly cancel each other. However, due to the interaction, 

electrons with the same spin tend to position away from each other and 

electrons with opposite spin tend to locate closer. As a result, the interaction 

energy reduces the total energy of the electron system. In order to investigate 

the origin of carrier concentration increase with V/III ratio variation, some 

InSb epitaxial layer samples grown at V/III ratio of 2.2, 8.8 and 13.2 was 

measured by SEM. In case of InSb samples grown at V/III ratio of 8.8 and 

13.2 showed smooth surface morphology. However InSb sample grown at 

V/III ratio of 2.2 as shown in Fig. 4.8 (a), droplets were formed on the InSb 
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surface. Inset was the enlarged SEM image of droplets. To confirm the 

chemical composition of the droplets, HCl etching and EDX analysis was 

conducted. If the droplet was composed of In, it was completely removed 

from the surface after dipping in HCl. Both analyses showed that it was In as 

shown in Fig. 4.8 (b). It indicates that InSb epitaxial layers were grown under 

In-rich growth condition at V/III ratio of 2.2. Based on the PL intensity (Fig. 

4.8 (c)) and FWHM (Fig. 4.6 (b)) indicates that InSb epitaxial layers were 

grown under near stoichiometric growth condition at V/III ratio of 8.8, 

whereas it was grown under Sb-rich growth condition at V/III ratio of 13.2.  

 

From the AFM results as shown in Fig. 4.3, best surface morphologies were 

obtained at V/III ratio of 8.8 and it was slightly increased with increasing and 

decreasing V/III ratio. Especially, when enlarged AFM image of V/III ratio of 

2.2 at 490 oC, small spots were observed on the InSb surface which was 

confirmed as In droplets by XRD measurements. It indicates that In-rich InSb 

growth condition was induced below V/III ratio of 8.8 and it became Sb-rich 

InSb growth condition at V/III ratio of 13.2. These were coincident with 

results as explained above.    

 

At V/III ratio of 8.8, the lowest carrier concentration of 3.7 x 1016 cm-3 was 

measured with the highest Hall mobility of 2.3 x 104 cm2/Vs while the 

increase of carrier concentration with the reduction of Hall mobility was 

observed at both lower and higher V/III ratio. The highest carrier 

concentration of 2.6 x 1017 cm-3 was measured at V/III ratio of 2.2 along with 

the lowest Hall mobility of 9.5 x 103 cm2/Vs. This result indicated that an 

amount of charged defects were increased in InSb epitaxial layers and 
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affecting to increase background electron densities when they were grown 

under In-rich and/or Sb-rich growth conditions. As a consequence of the 

incorporated charged defects, the reduction of Hall mobility was observed by 

charged impurity scattering, which was dominant scattering mechanism at a 

low temperature of 77 K [1]. 

 

From the Hall measurement at 77 K, charged impurity was incorporated in 

InSb with dependence of V/III ratio, affecting increasing carrier 

concentrations. The origin of charged impurity in In-rich and Sb-rich InSb 

growth conditions were investigated. In general, native defects in InSb were 

Sb vacancies (VSb), In vacancies (VIn), Sb interstitials (Sbi), In interstitials 

(Ini), Sb antisites (SbIn) and In antisites (InSb). Among these defects, based on 

the theoretical calculation of native defect formation energy, Hoglund el al., 

reported that Ini, SbIn and Sbi were positively charged and worked as donors 

by providing electrons in both n- and/or p-type InSb [30]. It was reported that 

Ini has the lowest defect formation energy in In-rich growth conditions, 

which corresponds to the V/III of 2.2 in our experiment. In other words, some 

interstitial sites in the InSb epitaxial layers were occupied by extra In atoms 

under the In-rich growth condition, leading to the generation of Ini defects 

and contributing on n-type conductions. When more donor type of charged 

defects, Ini, were incorporated in InSb epitaxial layers grown under In-rich 

growth environments, the PL peak position of the #1 was red shift due to the 

band edge fluctuation. As the Ini was randomly distributed in InSb epitaxial 

layers, potential fluctuations of the conduction band edge were generated 

depending on the strong and less interaction due to the local crowding of the 

Ini. It leads to the energy state formation below the band edge because it has 
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positive charge due to the ionization. On the other hand, the effect of the 

potential fluctuations at V/III ratio of 8.8 can be suppressed due to the small 

present of residual donor type defect. This red shift of NBE emission due to 

band edge fluctuation was confirmed by the Hall mobility. At V/III ratio of 

2.2 where lots of donor type of defects was incorporated, Hall mobility was 

decreased due to the impurity scattering but Hall mobility was increase with 

increasing V/III ratio. In conclusion, red shift of NBE emission was attributed 

by the band edge fluctuation due to the incorporated donor type defects 

which modify the band edges to produce the deep well regions as shown in 

Fig. 4.9 (a). The fluctuated band edge forms the energy state below 

conduction band edges to generate red shift of NBE emission as represented 

in Fig 4.9 (b).  

 

When the Ini was incorporated in the InSb sample, it may produce locally 

residual strains in the surrounded InSb crystals, which cause the #1 shift 

depending on the types of strains [25]. In order to confirm the effect of 

residual strains on the peak shift, Raman measurement was implemented. 

Figure 4.10 (a) shows Raman spectroscopy result for all InSb samples. Two 

phonon modes of InSb were assigned to longitudinal optical (LO) and 

transverse optical (TO) phonon modes positioned at 191 cm-1 and 180 cm-1, 

respectively. These values were in good agreement with the reported values 

[31, 32]. No Raman shift of LO phonon regardless of V/III ratio was 

observed, indicating that residual strains in InSb epilayers have not been 

induced [33, 34]. This result represented that incorporated Ini was not 

induced enough residual strains in InSb samples to shift of the #1.  
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Raman spectrum contained additional valuable information of InSb epitaxial 

layers to support the crystal quality. Compared to the strong intensity of LO 

phonon modes, all Raman spectra of InSb epitaxial layers showed the weak 

intensity of TO phonon modes, which should be forbidden in Raman spectra 

due to the Raman selection rule for zincblende crystal structure of InSb (001) 

plane [35]. The appearance of forbidden TO phonon mode in Raman 

backscattering from an InSb (001) surface indicates the formation of 

disordered structures. From the calculation of the intensity ratio of the TO 

mode against that of the LO mode (ITO/ILO) as a function of V/III ratio as 

shown in Fig. 4.9 (c), the formation of TO mode was suppressed at a V/III 

ratio of 8.8 and it was increased when InSb epitaxial layers were grown under 

In-rich and Sb-rich growth condition, showing that high quality of InSb 

epitaxial layers with low degree of disorder was obtained at V/III ratio of 8.8. 

The degree of disorder structure was reflected in full width at half maximum 

(FWHM) of LO phonon mode as shown in Fig 4.10 (c). A narrow FWMH of 

7.28 cm-1 was observed at V/III ratio of 8.8 and the FWHM was broaden to 

8.66 cm-1 at V/III ratio of 2.2. This trend was well coincidence with FWHM 

of PL.  

 

As previously reported, the peaks near 228 meV (#2) and near 212 meV (#3) 

have been commonly assigned to impurity emission and InSb optical phonon 

emission, respectively [5, 6].  
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Fig. 4.6. (a) PL spectrum of InSb samples grown at different V/III ratio range 

from 2.2 to 13.2. (b) Peak position and FWHM of NBE emission with a 

dependence of V/III ratio 
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Fig. 4.7. Carrier concentration and Hall mobility for the InSb samples grown 

at various V/III ratios. Hall measurements were performed at 77 K under 

applied magnetic field of 0.37 T.  
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Fig. 4.8. (a) SEM image of InSb sample grown at V/III ratio of 2.2. Inset 

shows the enlarged image of droplet. (b) Chemical composition of droplet 

was confirmed by HCl etching and EDX analysis, indicating In droplet. (c) 

PL intensity of NBE emission with a dependence of V/III ratio 
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Fig. 4.9. (a) Band edge fluctuation due to incorporated donor type of defects 

(b) Plots of energy and density of states. Two types of density of state due to 

perturbed and unperturbed conduction band (EC) 
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Fig. 4.10. (a) Raman spectrum of all InSb samples (b) Intensity ratio of 

TO/LO and FWHM of LO phonon with a dependence of V/III ratio.  
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4.5.2. Carbon impurity related PL emission   

 

New PL peak denote #4 was observed at 175 meV in all InSb epitaxial 

layers as can be seen in Fig. 4.6 (a). Until now, the origin of this PL peak was 

unclear in both bulk InSb and InSb epitaxial layers.  

 

In order to investigate the origin of the #4, InSb samples were grown at 

different TG ranging from 450 to 510 oC at a fixed V/III ratio of 8.8. PL 

spectra of the samples were shown in Fig. 4.11 (a). The PL spectra suggested 

that optical quality of InSb epitaxial layers were significantly influenced by 

the TG. Only strong PL intensity of the Peak #1 was observed in InSb sample 

grown at 490 oC, while there were sharply drops in the PL intensity at both 

lower and higher TG, indicating that InSb growth windows were very narrow 

to grow high quality InSb epitaxial layers. The Peak #4 was observed in all 

InSb samples but its intensity was varied with TG. A strong PL intensity of the 

peak was measured for the sample grown at 450 oC and they were gradually 

decreased with increasing TG to 510 oC. For an easy comparison, the inset in 

Fig. 4.11 (a) represented the PL spectrum of bulk InSb, showing an absence 

of the #4. A relative intensity of #4 was plotted in Fig. 4.11 (b). The 

temperature dependence of the peak intensities suggested that a possible 

candidate may be carbon, originated from incomplete decomposed metal 

organic sources of either TMIn or TMSb.  

 

To further investigate the origin of the #4, SIMS depth profile of carbon (C) 

were performed for two InSb samples. Figure 4.12 show the SIMS depth 

profiles of C obtained from InSb epitaxial layers/InSb substrate structures.  
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Fig. 4.11. (a) PL spectrum of InSb samples grown at different TG ranged from 

450 to 510 oC. PL spectrum was measured at 10 K with a power density of 

400 mW. The inset shows the PL spectrum of bulk InSb. (b) The relative PL 

intensity of the #4 was represented as a function of TG.  
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Fig. 4.12. SIMS depth profile of carbon in InSb epilayer/InSb substrate 

structures. Carbon concentration in InSb samples grown at (a) V/III ratio of 

2.2 and 8.8 and (b) TG of 450, 470 and 490 oC. SIMS depth profiles of bulk 

InSb was inserted as a reference  
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C concentrations were plotted for the samples grown at (a) different V/III 

ratio of 2.2 and 8.8 (b) different growth temperature of 450, 470 and 490 oC. 

Figure 4.12 (a) shows that the same C concentration of 2 x 1016 cm-3 was 

detected in both two InSb samples but the C concentration in bulk InSb was 

near the equipment’s measuring background level of 1016 cm-3 [36]. On the 

other hand, we found that the C concentrations in the InSb epitaxial layers 

were significantly influenced by the TG as shown in Fig. 4.12 (b). The highest 

C concentration of 2.5 x 1017 cm-3 in the InSb sample grown at 450 oC was 

detected and the C concentrations were gradually decreased with increasing 

TG. At 490 oC, the C concentration of 2 x 1016 cm-3 was measured.  

 

In order to make an interpretation of C incorporation mechanism in our InSb 

samples grown using the mixture of TMIn + TMSb, we suspected that C 

atoms can be derived from methyl radicals in TMSb molecules, instead of 

methyl radicals in TMIn molecules due to the binding strength differences 

between of In-CH3 and Sb-CH3. A Sb-CH3 has much stronger binding 

strength than the binding strength of In-CH3 [37]. This explanation was 

coincident with the TMSb decomposition rate in the investigated temperature 

region due to the relatively strong binding [37, 38].  
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4.6 P-type doping in InSb  

 

Diethylzinc (DEZn) was used as p-type dopant for InSb and various 

growth conditions were investigated to obtain p-type doping concentration 

for the fabrication of InSb PD’s. 

 

From Fig. 4.13 (a), the hole concentration increase linearly with increasing 

DEZn mole fraction at a fixed TG of 490 oC. This result is consistent with 

zinc doping in GaAs and InP [39-41]. When the DEZn mole fraction of 0.144 

mol/min was applied to the growth chamber, hole concentration of 4.76 x 

1018 cm-3 was obtained with Hall mobility of 425 cm2/Vs. With increasing 

DEZn mole fraction up to 1.225 mmol/min, hole concentration of 41.0 x 1018 

cm-3 and Hall mobility of 253 cm2/Vs were obtained, respectively.  

The hole concentration was observed to increase as the TG was increased 

as shown in Fig. 4.13 (b) for a fixed DEZn mole fraction. The strong 

temperature dependence of hole concentration was explained by two 

mechanism of Zn atom re-evaporation and growth rate. When the 

temperature become high, the vapor pressure of Zn was increased, 

introducing the increase of evaporation of Zn atoms from the growth surface 

[42, 43]. The vapor pressure of Zn is inversely proportional to the Zn 

incorporation, which is generally expressed as [42]   

 

PZn = P0 exp (-E0/kTG)              [eq. 4-12]            

  

where P0 is a pre-exponential factor, TG is the growth temperature and E0 is 
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the activation energy. As indicated in eq. 4-12, the vapor pressure of Zn is 

exponentially increased with increasing growth temperature.  

 

However, the growth rate of InSb in this investigated TG ranges was found 

to be increased with increasing TG as indicated in Fig. 4.5 (a). In this 

investigated TG ranges, growth rate was controlled by the decomposition of 

TMIn precursors, which is not completely decomposed due to the H radical 

depletion. At high growth rate, the deposited Zn atoms are absorbed into the 

InSb epilayers before it can be evaporated from the growth surface. On the 

other hand, Zn atoms diffused out from the surface before they can be 

incorporated at lower growth rate. Thus, as the growth rate was increased, the 

residence time of Zn required for incorporation decrease. This effect was also 

observed in Zn doping in GaAs [44]. Even though, in this TG ranges, hole 

concentration has to be increased due to the increase of growth rate. However 

the hole concentration was decreased with increasing TG, implying that the 

main mechanism for Zn incorporation was dominated by the Zn re-

evaporation with increasing TG. 

 

Hall mobility was also influenced by the hole concentration as shown in Fig. 

4.13. Lower Hall mobility was observed at higher hole concentration due to 

the scattering effect. The optimized p-type doping concentration for the 

device operation was determined with DEZn mole fraction of 0.144 

mol/min grown at 490 oC in order to obtain mid 1018 cm-3 hole 

concentration.  
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Fig. 4.13. (a) Hole concentration and Hall mobility of Zn doped InSb as a 

function of (a) DEZn mole fraction (b) growth temperature.     
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4.7 Summary  

 

In this chapter, epitaxial growth using LP-MOCVD under various growth 

parameters were conducted to obtain high quality InSb epilayers. Surface 

morphology was significantly influenced by the V/III ratio and growth 

temperatures. At low V/III ratio, In droplet was formed on the surface due to 

the insufficient In supply to grow stoichiometric InSb epilayers. On the other 

hand, at high V/III ratio, although rough surface morphology was observed, 

Sb hillocks were not observed in this V/III ranges. At low TG, In droplet was 

formed, however it was removed with increasing TG, implying that TMSb 

was not completely decomposed in this investigated TG ranges.  

 

From the growth behavior of InSb, the growth rate of InSb using TMIn and 

TMSb were controlled by the surface reaction limited due to the incomplete 

precursor decomposition in the TG ranges. At a fixed TG, growth rate of InSb 

was dependent on the TMIn mole fraction but independent on the TMSb 

mole fraction due to the vapor pressure differences between two precursors.   

   

PL measurements were conducted for InSb samples grown at various 

growth conditions. Red shift of near band edge emission was observed with 

increasing and decreasing from V/III ratio of 8.8. At the same growth 

condition, donor type of carrier concentration was increased, implying that 

donor type of defects was generated during epitaxial growth. These defects 

were indium interstitial defect. However, the incorporated indium interstitial 

defect does not induce any residual strains in InSb. As a consequence, the red 
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shift of near band edge emission was caused by the band edge fluctuation, 

resulting in the reduction of NBE emission energy. I also observed the new 

PL peak emission which has not been reported yet. Its origin was caused by 

the carbon impurity induced by the Sb-CH3 bonding due to the higher 

bonding strength.  

 

In order to fabricate p-InSb layers, zinc doping was investigated into InSb 

with a dependence of DEZn mole fraction and growth temperatures. With 

increasing DEZn mole fraction, hole concentration showed the linear 

dependence. With increasing growth temperatures, hole concentration was 

decreased due to the increase Zn re-evaporation rate caused by the increase of 

Zn vapor pressure at higher temperature.  
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Chapter 5. ZnS surface passivation of InSb 

photodiodes and its device performances 

 

5.1. Introduction 

 

There are two major methods to fabricate InSb PDs as described in section 

1.3. When the IR PDs were fabricated by p-type ion implantation or 

sometimes diffusion method, surface effects were not significantly important 

for device operating. N-type contact can be formed near the p-contact, 

enabling the reducing the surface effects. However, surface effect became 

dominant leakage current path when mesa etching process was adopted. InSb 

pn structures were fabricated using epitaxial growth techniques, mesa etching 

process must be adapted to fabricate the IR PDs devices as shown in Fig. 5.1 

(a). In mesa structures, the problem is that lots of surface area was exposed to 

air, resulting in the re-oxidation of surface and exposed the lots of surface 

dangling bonds. The re-oxidized surfaces produce the thermodynamically 

favorable phases of In2O3 and elemental Sb as indicated in sec. 3.1. They 

were low resistance materials to make electrical path through the surface. 

Another problem was a dangling bond formed on the surfaces. In case of bulk 

zincblende structures, all bonding were connected each other. However, the 

periodic zincblende crystal structure terminates abruptly resulting in 

formation of unsatisfied (dangling) chemical bonds responsible for 

generation of surface states within the band gap. These states cause pinning 

of the surface Fermi level near the mid gap and, as a consequence, enhance 

the surface leakage currents. The schematic diagrams of dangling bonds were 
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introduced in enlarged square in Fig. 5.1 (a). When the thermal energy, which 

is not enough to excite electron from balance band to conduction band, was 

applied to the materials, carriers can be jump to conduction band through trap 

sites. Thus, in order to improve the overall device performance, methods for 

elimination of surface current is to deposit appropriate passivation layers on 

the surface. Through surface passivation techniques, three major dark current 

components can be eliminated [1]. (a) A generation current associated with 

the Shockley-Read-Hall (SRH) process in the depletion region of the detector 

(b) thermally generated diffusion current associated with Auger or radiative 

process in both the n- and p- extrinsic regions of the detector (c) A surface 

current associated with the surface states in the junction.       
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Fig. 5.1. (a) Unpassivated InSb IR PDs structures. Enlarged square express 

the detail structure of surface with dangling bonds, which acting as trap sites 

for the increase of surface leakage current. (b) A possible solution is 

passivation layer deposition on InSb IR PDs. 
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5.2. Motivation  

 

Since 1980’s, a great deal of efforts has been devoted to the development of 

InSb passivation materials including silicon nitride (SixNy) [2, 3], aluminium 

oxides (Al2O3) [4, 5], silicon dioxide (SiO2) [6-12] and sulfur passivation 

[13-19].  

 

Olcaytug et al. reported that deposition conditions of a total pressure, source 

gas flow rate, RF power and crystallographic orientation of InSb affect the 

quality of dielectrics [3]. This report also shows that the interface trap density 

at the midgap (Dit) of Si3N4/InSb metal-oxide-semiconductor (MOS) 

structure is 6.7 x 1012 cm-2eV-1. Ullrich et al. used the room temperature 

plasma enhanced reactive deposition to deposit the Si3N4 films on InSb 

substrate and obtained the interface trap density of ~1012 cm-2eV-1 ranges by 

capacitance-voltage (C-V) measurement [2]. For the passivation of InSb PDs, 

SixNy is not appropriate due to the high density of Dit. These days, Al2O3 was 

investigated for the InSb passivation materials [4, 5]. Al2O3 was deposited 

using atomic layer deposition. They proposed the self cleaning effects as a 

result of chemical reactions between trimethyaluminium (TMAl) and native 

oxides. TMAl can react with In2O3 and Sb2O3 to form a volatile species. 

However, even though it has advantages of self cleaning effects, it also poor 

interface properties rather than that of SiO2. They obtained the Dit of an order 

of 1012 cm-2eV-1 ranges. 

 

One of the most extensively studied dielectric was SiO2 due to the most 

superior interface properties with the interface trap density of 1011 cm-2eV-1 
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ranges. However, deterioration of interface properties in deposited SiO2 was 

reported. When the native oxides of InSb were exposed to silane (SiH4), 

chemical reactions between native oxides and SiH4 were observed [7, 11]. 

These chemical reactions produced the elemental In and Sb, which have 

charges affecting to the surface band bending and acts as surface leakage 

conduction paths due to the low resistivity [20, 21]. These elements 

formation were also observed during SiO2 films deposition above the 

temperature of 200 oC [22] and accelerated during heat treatments [22, 23]. H. 

Huff et. al., reported that In and Sb atom can act as surface trap sites near the 

conduction band edge and the valence band edge, respectively [24]. The non-

uniform SiO2 films with a mean granularity size of 150 nm were also 

observed when SiH4 was dissociated heterogeneously on the native oxides 

surface [6]. It is due to the nucleation sites formation from heterogeneously 

dissociated Si particles arriving on the surface.  

 

Sulfur (S) passivation was widely used due to its advantages. It has extra 6 

electrons in outer shells which can terminate the dangling bonds of (100) 

zincblende structures’ surface. Thus, S passivation for InSb has been studied 

[13-19]. They reported that InSb surface was effectively terminated by S 

atoms, producing In-S and Sb-S bindings. However, the binding of In-S and 

Sb-S has weak binding strength, it can be decomposed easily [16]. Especially 

during annealing process, stronger bonding of In-S can be decomposed even 

at 300 oC. As a result, reliability problems can be occurred, introducing poor 

device reliability.  

 

In this thesis, new passivation materials, zinc sulfied (ZnS), for high 
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interface properties and long-term reliability was proposed. It also effectively 

saturates the surface dangling bonds with S and it has also low fixed charge 

density (1.2 x 1011 cm-2) which affects to make inversion or accumulation 

layers near the surface [25]. It can be used as a self encapsulation material.  
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5.3. Experiment procedures 

 

In order to investigate the interface properties of Au/ZnS/InSb metal-

insulator-semiconductor (MIS) structures, ZnS was deposited on the wet 

cleaned n-InSb substrates using electron beam evaporation with a base 

pressure of 2 x 10-6 torr. The deposition rate was varied from 0.5 to 2.0 A/sec. 

The Au metal gate contact was deposited on the ZnS films by electron beam 

evaporation using shadow mask with and area of 1.9 x 10-3 cm2 and indium 

was used as a bottom contact. Capacitance-voltage (C-V) measurements was 

performed in a cryostat chamber at liquid N2 temperature using Agilent 

4980A LCR meter at a frequency of 1 MHz and a sweep rate of 0.1 V/sec. 

The interface trap density (Dit) was evaluated by Terman’s methods [26]. The 

chemical composition of ZnS films was determined by the Auger Electron 

Spectroscopy (AES) in an accelerating voltage of 5 kV and a current of 10 

nA of the electron beam. Chemical binding states were examined by X-ray 

photoelectron spectroscopy with monochromatic Al Ka with photon energy 

energy of 1486.6 eV. The base pressure of XPS measurements was 4.8 x 10-9 

mbar. In order to identify the defects in the films, photoluminescence (PL) 

measurement was performed at 10 K in a He closed-cycle cryogenic system 

using a 325 nm line of He-Cd laser with 0.1 mW. 

 

For the current-voltage (I-V) measurements, p-type InSb epitaxial layers 

were grown on n-type InSb substrate and intrinsic InSb epitaxial layers were 

inserted using LP-MOCVD as described in the Sec. 4.6.  

 

More detailed process of mesa structures was described in the Sec. 2.3. 
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5.4. Interfacial properties of Au/ZnS/InSb MIS structures 

 

5.4.1. Effects of deposition rate on interface trap density (Dit) 

 

In order to obtain suitable ZnS passivation layers for our InSb substrates, 

zinc sulfide (ZnS) passivation layers with a thickness of 300 nm were 

deposited on InSb substrate. The deposition rate was varied from 0.5 to 2.0 

A/sec. The interface trap density (Dit) was evaluated by Terman’s method. In 

Fig. 5.2 (a) showed the C-V curves of ZnS films deposited by different 

deposition rates. For the reference, ideal C-V curves of ZnS were also 

represented. At 0.5 A/sec, small stretched out of C-V curve (stiff slope) was 

observed and it became stretched out largely (smooth slope) with increasing 

deposition rate. It implies that large Dit was formed at the interface regions 

with increasing ZnS deposition rate. By comparison with a ideal C-V curves, 

the values of Dit was extracted using Terman’s method. The extracted values 

of Dit were shown in Fig. 5.2 (b). At 0.5 A/sec, Dit of 1.5 x 1011 cm-2eV-1 was 

obtained, whereas it became increase to 5.1 x 1011 cm-2eV-1 with increasing 

ZnS deposition rate up to 2.0 A/sec. These values were much lower than that 

of SixNy [2, 3] and Al2O3 [4, 5] and is similar to that of SiO2 [6-12].  

 

In order to investigate the superior interface properties to other dielectrics, 

chemical binding states were examined by XPS, representing that interface 

was terminated with S as shown in Fig. 5.3. Figure 5.3 (a) shows an XPS 

spectrum of In 3d peak obtained at the interface regions of the ZnS/InSb 

structures where ZnS was deposited at 0.5 A/sec. 
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Fig. 5.2. (a) Capacitance-voltage curves of Au/ZnS/InSb MIS structures. The 

ideal C-V curves is inserted as a reference. (b) The calculated Dit at the mid 

gap as a function of ZnS deposition rate. 
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Fig. 5.3. (a) An XPS spectrum of In 3d region recorded at the interface 

regions of ZnS/InSb deposited at 0.5 A/sec. The deconvolution of In 3d 

spectra into three different chemically shifted components of In-Sb, In-S and 

In-O binding. (b) Relative intensity ratio of its binding area to total area of 

XPS peak.  
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The broad XPS peak was observed so the deconvolution of the peak was 

conducted to identify the chemical components at the interface regions. Three 

chemical bindings of In-Sb, In-S and In-O were considered and its position 

was 444.2 eV, 444.7 eV and 445.2 eV, respectively [27-29]. As represented in 

Fig. 5.3 (b), In-S binding was formed at the interface regions, affecting to 

reduce Dit by forming S termination which has almost 15 %. Each values of 

relatively intensity ratio were calculated by the ratio of each deconvoluted 

peak area to total In 3d peak area. Most of the bindings at the interface were 

In-Sb bindings which possess 64.5 % and In-O binding has 20.4 %.    

 

5.4.2. Effects of deposition rate on fixed charge density (Nf) 

 

Fixed charge density (Nf) was evaluated from the relatively shift of C-V 

curves compared to that of ideal C-V curves. As shown in Fig. 5.2 (a), it was 

found that increasing the deposition rate caused parallel shifts of the C-V 

curves toward lower gate voltages, indicating that the quantity of fixed 

charges located at the interface were influenced by the deposition rate [30]. 

The flat-band voltages were obtained at the normalized capacitance of 0.8 

which is a theoretical capacitance at zero-bias. It shows that the flat-band 

voltage was gradually decreased from +1.41 V for the sample deposited at 

0.5 Å/sec to -0.16 V for the sample at 2.0 Å/sec as shown in Fig. 5.4.  

 

Considering the work function difference between Au and InSb, C-V curve 

is shifted in parallel to 0.48 V with respect to the ideal C-V curve where fixed 

charge density is zero. Taking into account such metal-semiconductor work 
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function difference (Φms), the fixed charge density (Nf) was calculated from 

the flat-band voltage shift of the C-V curves as follows [30] 

 

           [eq. 5-1] 

 

where Vfb is the gate voltage to obtain the flat-band conditions, Cp is the 

capacitance of the passivation film in the accumulation region and q is the 

electronic charges. Figure 5.4, the calculated fixed charge density as a 

function of the ZnS deposition rate, shows that it decreased gradually from 

2.24 x 1011 cm-2 at 0.5 Å/sec to 1.64 x 1010 cm-2 at 1.7 Å/sec in the negative 

range, and then it was converted to 9.53 x 1010 cm-2 in the positive range at 

2.0 Å/sec. It implies that the positive fixed charges generated in the ZnS films 

compensated the residual negative fixed charges in InSb and that positive 

fixed charge density increased with increasing the deposition rate, the 

deposition rate of 2.0 Å/sec it was more than enough to compensate all the 

residual negative fixed charges in InSb layer. Considering above fixed charge 

density, I believe that the sample deposited at 1.7 Å/sec is close to the ideal 

flat-band condition of zero Nf.  

 

5.4.3. Chemical composition analysis of ZnS films 

 

I speculate that the positively charged defects were originated from native 

point defects in the ZnS film. Figure 5.5 shows the dependence of Zn/S ratio 

at the interface on the ZnS deposition rate, determined by Auger Electron 

Microscopy (AES) analysis. It shows that the Zn/S ratio increased linearly 

q

CV
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from 0.93 for the sample deposited at 0.5 Å/sec to 1.35 for the sample at 2.0 

Å/sec, implying that ZnS film became more S-deficient at higher deposition 

rate. This effect was explained by two reasons. First, it has been reported that 

the vapor pressure between Zn and S is different and the vapor pressure of S 

at a given temperature has six orders of magnitude higher values than that of 

Zn. At higher deposition rates caused the more evaporation of S than that of 

Zn at a source, introducing S deficient ZnS film formation. This kind of 

effects was well known for the Al2O3 and SiO2 deposition by electron beam 

evaporation. Second, as the deposition rate was increased, more Zn and S 

vapor species were evaporated from the source and contribute to the increase 

of substrate temperature, thereby higher vapor pressure of S can re-evaporate 

from the substrate surface before incorporating into the ZnS films. Similar 

result was reported [31].  

 

5.4.4. Defect origin of S-deficient ZnS films  

 

In the previous sections, stoichiometry of ZnS films became S-deficient 

with increasing deposition rate as shown in Fig. 5.5. In order to investigate 

the origin of defects in S-deficient ZnS films, PL measurements were 

conducted at 10 K. Figure 5.6 shows PL emission spectra of the ZnS films 

deposited at different rates. They showed multiple broad peaks in the range 

from 350 nm to 600 nm. For clearer indexing of the peaks Gaussian curve 

fitting was applied to deconvolute the PL spectrum of the sample. Four PL 

peak positions were observed which were located at 365 nm, 396 nm, 420 nm 

and 460 nm. These PL peak position were attributed to sulphur interstitial (IS) 

[32], sulphur vacancy (VS) [33-35], zinc vacancy (VZn) and zinc interstitial 
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(IZn) [32, 35, 36], respectively. It was clear that the 396 nm and 420 nm peaks 

are strong for all the samples, which is the consistent with a theoretical 

calculation of the defect formation energy in ZnS film [37]. Based on the 

calculation, Varley et al. reported that VS and VZn are dominant native defects 

in S-deficient ZnS film. The PL result also shows that the intensity of the 396 

nm peak increased with increasing deposition rate while the intensity of the 

other peaks were unchanged, indicating that the concentration of VS defect 

increased with increasing the deposition rate. This agrees with the result that 

more S-deficient ZnS film was deposited at the higher deposition rates, as 

shown in Fig. 5.5. Based on the results above, I considered that the C-V 

curve shifts towards lower gate voltage with increasing the deposition rate, as 

shown in Fig. 5.2 (a), was due to the formation of VS, a positively charged 

defect, in the S-deficient ZnS films.  
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Fig. 5.4. Flat band voltage shift and fixed charge density (Nf) calculated from 

flat band voltage shifts as a function as ZnS deposition rate.   
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Fig. 5.5. Intensity ratio of Zn/S at the interface of ZnS/InSb obtained from 

AES depth profiles measurements 
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Fig. 5.6. PL emission spectra of ZnS films deposited at different deposition 

rates.  
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5.5. Surface leakage currents of ZnS passivated InSb PDs 

 

5.5.1. Theoretical background 

 

The effectiveness of passivation is commonly evaluated using variable area 

diode array (VADA) method [38]. Because the perimeter related current is 

associated with a high density of surface or interface states at the 

semiconductor-air or semiconductor-passivation interface. For the square 

mesa diode, the total dark current density is the summation of bulk 

component of dark current and the surface component of dark current. If the 

bulk component of dark current is dominant, the VADA curves will have a 

slope closed to zero, which shows not slope. However, surface component of 

the dark current become dominant mechanism, then the slope of VADA 

experiments will have a slope, which means the increase in the dark current 

density for the smaller devices. Hence, smaller area diodes will be more 

sensitive to perimeter or surface effects than diodes of the same slope but 

larger diode sizes. The perimeter to area ratio (P/A) is inversely proportional 

to the diode feature sizes and hence magnifies the surface or perimeter related 

issues, when parameters such as current density or 1/RoA are plotted against 

P/A. The total or effective zero bias resistance area products (RoA) for the 

diodes are expressed below:  

 

         [eq. 5-2] 
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where (RoA)bulk is the bulk RoA contribution in Ωcm2 obtained from the 

intercept of the linear fit with the 1/RoA axis, rsurface is the surface resistivity 

in Ωcm for the didode and is obtained from the inverse slope of the linear fit 

of 1/RoA verse P/A data. Higher values of surface resistivity indicate weaker 

dependence of the diode’s characteristics on the surface effects. The 

schematic illustration was represented in Fig. 5. 7. The optical image of the 

sample for VADA measurements was represented in Fig. 5.8.    

 

5.5.2. The dependence of deposition rates on the surface 

leakage currents 

 

The effectiveness of ZnS passivation layer deposited with different 

deposition rates was investigated using current-voltage (I-V) measurements. 

The mesa diode structures of different sizes in the range from 300 x 300 to 

800 x 800 m2 were fabricated to measure the surface effects on the surface 

leakage currents. Figure 5.9 (a) shows the results of VADA measurements.  

 

From the results of VADA measurement as shown in Fig. 5.9 (b), the dark 

current density, 1/RoA, was observed to increase for smaller diode sizes (high 

P/A), indicating the surface leakage current is more dominant for smaller 

diode. Among the ZnS deposition conditions, InSb samples deposited at 

1.7A/sec has smooth slope, representing the most effective deposition 

conditions. The surface resistivity (rsurface) calculated from the inverse slope 

of the 1/RoA vs P/A revealed that among the samples, the diode with ZnS 

passivation layer deposited at 1.7 Å/sec showed the largest rsurface value of 



 

 167 

52.0 Ω cm which is somewhat higher than the value, 33 Ω cm, reported for 

silicon dioxide passivated type II InAs/GaSb photodiodes [39]. However, the 

values of other deposition conditions has lower surface resistivity, indicating 

that ZnS passivation layers deposited at 0.5, 1.0, 1.5 and 2.0 A/sec have poor 

qualities to restrict the surface leakage current. These results were consistent 

with C-V data that MIS structure with ZnS passivation layer deposited at 1.7 

A/sec was close to the ideal flat-band condition. At other deposition 

conditions, inversion or accumulation was generated near ZnS/InSb interface, 

making conducting path for the surface leakage current. Detailed illustration 

was represented in Fig. 5.10. Before depositing ZnS passivaiton layers, InSb 

surface contained native oxides, which were spontaneously formed. It 

contains the negative charges which were confirmed by many other 

resershcers [24, 40, 41]. These negative charges make an accumulation layer 

for p-InSb regions and depletion layer for n-InSb regions, acting as electrical 

surface leakage current path as represented in Fig. 5.10 (a). However, the 

negative charges on the native oxides were compensated by the positive 

charges on the ZnS films when ZnS films were deposited on the unpassivated 

InSb mesa structures as shown in Fig. 5.10 (b). This passivation produces the 

charge compensation at the interface regions to make near flat band condition 

where surface leakage currents were inhibited.  
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Fig. 5.7. Schematic illustration of 1/RoA versus perimeter to area (P/A) ratio. 

This graph represents the dependence of ideal passivation, non-ideal 

passivation and unpassivation on RoA products.  
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Fig. 5.8. Optical microscope image of the sample for VADA measurements 
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Fig. 5.9. (a) I-V curves for the ZnS passivated InSb pn IR PDs (b) 

dependence of 1/RoA vs P/A ratio for the InSb pn diodes 
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Fig. 5.10. Schematic images of (a) unpassivated InSb pn structure and (b) 

ZnS passivated InSb pin structure and corresponding band diagrams were 

represented.   
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5.6. Device performance   

 

5.6.1. Dark current  

 

Dark current is very important parameter in photodiode which represents 

device performance. In photodiode technology, high signal to noise (S/N) 

ratio is required in order to obtain high resolution of devices. Dark current 

was related to the noise intensity so the reduction of dark current is key issue. 

In order to investigate the dark current level in our sample, pn structures were 

grown using LP-MOCVD as shown in Fig. 5.11. The detailed device 

fabrication process was described in chapter 2. Two types of samples were 

prepared to compare the effectiveness of ZnS passivation. First sample was 

mesa type InSb pin based photodiode structures without surface passivation.  

 

On the other hand, second sample was also mesa type InSb pn based 

photodiode structures but passivated ZnS with deposition rate of 1.7 A/sec 

where Nf was significantly reduced. Figure 5.12 (a) shows the bias dependent 

dark current density for the unpassivated and ZnS passivated photodiodes 

measured at 80 K. ZnS passivated samples shows a reduction of almost one 

order of magnitude in dark current density compared with the unpassivated 

one. It was attributed by the surface effect because dark current was 

controlled by the bulk limited and surface limited as described in equation 5-

2. In case of bulk limited dark current, it was also controlled by the diffusion 

current (Idiffu), generation-recombination current (IG-R), trap assisted tunneling 

current (ITAT) and band to band tunneling current (IBTB) [42]. Figure 5. 12 (b) 
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shows the corresponding differential resistance area product at zero bias (RoA) 

versus applied voltage of two samples. When the mesa type InSb photodiodes 

were passivated with ZnS films, the RoA value of 1.5 x 104 Ω cm2 was 

obtained when ZnS films were deposited whereas, it was significantly 

decreased in unpassivated InSb sample. Its value was around 20 Ω cm2. This 

value was comparable with other reported results. When the gate ring 

structures for the surface potential control was applied to the device 

structures, 5 x 104 Ω cm2 was obtained when SiO2 was deposited using low 

temperature CVD [43] and photo-CVD[44]. The value of 1.2 x 104 Ω cm2 

were also obtained when siliconoxynitride (SixNyOz) was used as a 

passivation layers[45]. However, in this study, gate ring structures were not 

applied to the device because the surface potential was intentionally 

controlled by the fixed charges by changing the stoichiometric of ZnS films, 

which shows the much higher RoA values compared to that of reported values 

of ~ 103 Ω cm2 [46]. 

 

5.6.2. Spectral response   

  

In order to confirm the effectiveness of ZnS passivation on mesa type InSb 

photodiodes, spectral response, which is normally called by photocurrent, 

photo response, measurements were performed. Spectral response 

measurement setup was consisted with a Fourier transform infrared 

spectrometer (FTIR, Vertex 80v), cryostat temperature controller (Lakeshore), 

current amplifier (Keithley 428 preamplifier), detector controller and 

computer. The measured diodes image was shown in Fig. 5. 13.  
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Figure 5.14 (a) shows the spectral response of three samples for 

unpassivated and SiO2 and ZnS passivated InSb photodiodes measured at 80 

K under zero bias. Spectral response of two samples represents that the zero 

bias cut-off wavelength was almost 5.5 m which well matched to the InSb 

band gap of 0.225 eV. It should be note that the relative intensity of spectral 

response was almost 10 times increased when ZnS passivation was conducted. 

From the temperature dependence spectral response as shown in Fig. 5.14 (b-

c), similar spectral response intensity was observed with increasing 

temperature to 100 K for two samples, indicating that high quality of InSb 

epitaxial layers can be grown in this experiment. With increasing temperature 

further, spectral response was significantly decreased and cut-off wavelength 

was shifted towards longer wavelength region. In case of ZnS passivated 

sample as shown in Fig 5.14 (c), spectral response was detected even at 220 

K with a cut-off wavelength of 6.6 m. By comparing the temperature 

dependence spectral response of two samples, spectral response was detected 

at 180 K in unpassivated sample while it was detected at 220 K in passivated 

sample, indicating that surface leakage current is dominant role to improve 

device performances. Over 220 K for unpassivated sample and 260 K for 

passivated sample, the spectral responses were not detected due to the 

thermal noise.   
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Fig. 5.11. Schematic images of (a) unpassivated mesa type InSb pn structure 

and (b) ZnS passivated mesa type InSb pn structure.  

 

InSb substrate, n~5 x 1014 cm-3
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Fig. 5.12. (a) Dark current density versus applied voltage of the unpassivated, 

SiO2 and the ZnS passivated photodiodes measured at 80 K. (b) Differential 

resistance area product at zero bias (RoA) vs applied voltage of three samples.  
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Fig. 5.13. (a) Photograph of measured samples. Contacts were connected by 

Au wiring to the sample holder. (b) Optical microscope image of ZnS 

passivated InSb photodiodes.  

 

(a)

(b)



 

 178 

 
Fig. 5.14. (a) Spectral response of unpassivated and passivated sample. 

Temperature dependence of spectral response of (b) unpassivated and (c) 

passivated samples. 
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5.6.3. Responsivity and detectivity (D*)   

 

Finally InSb photodiode performance was determined by measuring 

responsivity and detectivity.  

 

The responsivity of the IR photodiodes was defined as the ratio of the 

electrical signal to the incident radiation power. Electrical signal was 

obtained from measuring the voltage or current. So, the unit of responsivity 

was expressed either V/W or A/W. The responsivity was dependent on 

wavelength. The responsivity varies with incident photon energy, device 

bandgap, absorption coefficient and quantum efficiency of the material and 

determined the peak spectral responsivity of a given detector by using 

equation [5-1] 

 

Rλ= (Electrical output)/(Radiant input power) =(IS,λ)/ (ΔPλ) [A/W] 

                     [eq. 5-1] 

 

where ΔPλ was described as incidence rms optical power shown in eq. 5-2. 

 

           [eq. 5-2] 

 

where, Ad is detector optical area [cm2], Ab is blackbody aperture diameter 

[cm2] of 0.5 inch, R is distance from the detector to blackbody aperture 

where 20 cm in this case, TW is window transmittance (0.7), Tλ is maximum 
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transmittance of optical band pass filter, Mf is modulation factor (0.5), Δλ is 

optical transmitting band [m] and Wλ is spectral radiant power which is 

described in eq. 5-3. 

 

             [eq. 5-3] 

 

where, C1 is 3.7418 x 104 [Wm4/cm2], C2 is 1.4387 x 104 [mK] and Tbb is 

blackbody source temperature [K] where 1173 K in this measurements.  

 

 Detectivity (normally represented D*) for photovoltaic photodetector can be 

expressed as  

 

          [eq. 5-4] 

    

where, R is the responsivity, I is dark current, and noise is background 

device noise level measured during the measurement. The unit of D* was 

described as cmHz1/2/W 

 

 The responsivity of three samples was represented in Fig. 5.15 (a). 

Responsivity signal was observed in the wavelength range of 1.5 ~ 5.18 m 

ranges. Less 1 nm and over 5.18 m was not measured due to the equipment 

limitation. When InSb device was passivated with ZnS films under optimized 

1)/exp(

1

2
5
1




bbTC

C
W



R
I

fA

fNoise

AreaR
D

n

d

2

*

/











 

 181 

conditions, responsivity was increased but low responsivity intensity was 

observed when SiO2 films were deposited and unpassivation was conducted.   

As shown in Fig. 5.15 (b), detectivity was measured for three samples. In 

order to obtain detectivity, background device noise level has to be measured 

as described in eq. 5-4. However, due to the equipment limitation, accurate 

noise level measurement has not been conducted.  

 

So I can compare the relative D* among three samples. Maximum D* was 

observed at 5.18 m for all samples. When InSb samples were passivated by 

ZnS films, D* of 108 cmHz1/2/W order of magnitude was observed and its 

intensity of D* was almost keep constant when the reverse bias was applied 

to -0.6 V. In case of SiO2 and unpassivation samples, lower D* was observed. 

D* of low 107 cmHz1/2/W was observed. The reduction of D* for SiO2 and 

unpassivation samples were due to the increase of surface leakage current as 

represented in eq. 5-4 as D* was influenced by the dark current density. In 

case of both two samples, the surface leakage current was increased due to 

the ineffective passivation, contributing to the reduction of D*.   
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Fig. 5.15. (a) Resposnvity and (b) detectivity (D*) of three samples measured 

at 77 K under zero bias.  

 

1 2 3 4 5 6 7

0.00

0.01

0.02

0.03

 

  ZnS
 SiO

2

 Unpassivation

R
es

p
o

n
si

vi
ty

 (
A

/W
)

Wavelength (m)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
106

107

108

 
D

et
ec

ti
vi

ty
 (

cm
H

z1/
2
/W

)

Bias (V)

 ZnS
 SiO

2

 Unpassivation

(a)

(b)



 

 183 

5.7. Summary  

 

In this chapter, in order to deposit dielectric film with superior interfacial 

quality to the other reported dielectrics, S-based dielectrics such as ZnS was 

chosen for the effective passivating the dangling bonds as a passivation layers. 

ZnS showed the similar Dit of ~1011 cm-2eV-1 which is similar values of that 

of SiO2 deposited photo-CVD. The origin of low Dit was originated from S 

termination with InSb bonding, producing In-S and Sb-S. With increasing 

deposition rate, Dit was slightly increased but Dit has the lower values of 5 x 

1011 cm-2eV-1 in all deposition conditions. On the other hand, the lowest Nf 

was observed at 1.5 A/sec deposition condition which is contrast to the result 

of Dit. This was due to the charge compensation effects. With increasing 

deposition rate, ZnS films became S-deficient films due to the vapor pressure 

differences between Zn and S. From the PL measurements, amount of sulfur 

vacancy was generated with increasing deposition temperature. These defects 

showed the positive charges in the ZnS films. As a result, InSb surface 

contained the negative charges can be compensated by the positive charges 

by depositing ZnS films. Charge balanced devices have the lowest surface 

leakage currents but it was increased in other charge unbalanced devices due 

to the accumulation or inversion layer formation, which acts as electrically 

conducting path.  

 

By surface passivating with ZnS films, device performance was improved 

due to the restriction of surface effects which contributes to increase dark 

current. When ZnS films were deposited on mesa type InSb photodiodes, 

almost two orders of magnitude in dark current was reduced. The reduction 
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of dark current was also influence on the IR photodiode device performances. 

When ZnS film were deposited which is effective way to suppress surface 

leakage current, spectral response, responsivity and detectivity was improved 

by comparing to that of SiO2 and unpassivation samples.  
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Chapter 6. Conclusions 

 

In this thesis, I investigated how to growth high quality of InSb epitaxial 

layers and how to improve InSb PDs performances. Based on these purpose, 

this thesis is composed of three sections: surface preparation, InSb epilayer 

growth and its quality analysis and passivation for the InSb.  

 

In order to growth high quality of InSb epilayers, the preparation of 

substrates where epilayers can be grown is very important and well prepared 

substrate is the first step of epitaxial growth. Two types of thermal cleaning 

method were investigated. First, InSb substrate was thermally cleaned under 

H2 ambient to suppress the Sb secondary phase formation. However, In 

droplets surrounded by rectangular etch pits were observed even though the 

thickness of native oxides became thin. To suppress the In droplet formation, 

InSb substrates were thermally cleaned under TMSb ambient. In this 

annealing condition, the formation of In droplet was inhibited completely. 

The surface morphology became smooth by suppressing the evaporation of 

Sb from the InSb surface as TMSb precursor was supplied. It was found that 

substrate preparation can affect to the quality of InSb epilayers. Crystal 

quality of InSb grown on InSb substrates thermally cleaned under TMSb 

ambient showed the better quality than that of InSb grown on InSb grown on 

InSb substrate thermally cleaned under H2 ambient. It was caused by the In 

droplet formed on the InSb surface, which interrupt the InSb growth to 

produce surfaces with cracks. It might also act as sources of extra In supply, 

to make non-stoichiometric InSb epilayer. From the PL measurements, red 

shift of near band edge emission was observed, which was originated from 
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the In related defect formation.    

 

For the high quality InSb epilayer growth, growth parameters such as V/III 

ratio and growth temperature was varied. At a fixed growth temperature, In-

rich InSb was grown at lower V/III ratio. On the other hand, Sb-rich InSb 

was grown at higher V/III ratio. At an optimized V/III ratio of 8.8, InSb 

epilayers with smooth surface morphologies and high crystal quality was 

observed. At low V/III ratio of 2.2, extra In was supplied to form a In droplet 

on the surface. In droplets were removed from the surface with increasing 

growth temperature at a fixed V/III ratio, implying that TMSb was not 

completely decomposed in this investigated growth temperature regions. The 

best surface morphology with high crystal quality of InSb epitlayers can be 

grown at 490 oC under V/III ratio of 8.8.  

 

Growth behaviors of InSb epilayers were investigated by changing growth 

temperature, group III mole fraction and group V mole fraction. From the 

experiments of growth rate vs growth temperature, it was found that InSb 

growth rate was controlled by the surface reaction kinetics. Its growth rate 

was dependent on the group III mole fraction but independent on the group V 

mole fraction due to the vapor pressure differences between In and Sb. Based 

on the growth behavior of inSb, TMIn was also incompletely decomposed in 

this investigated regions due to the H radicals depletion in TMIn 

decomposition. H radicals produced at TMIn decomposition process help to 

increase the TMSb decomposition.  

 

From the PL measurements, near band edge emission was shifted with 
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dependence of V/III ratio. The peak position at highest emission energy was 

observed at InSb epilayers grown under V/III ratio of 8.8 and InSb samples 

grown at other V/III ratio was shifted toward lower emission energy. All InSb 

samples showed n-type conductivity. A carrier concentration of InSb 

epilayers grown at V/III ratio of 8.8 has the lowest values and it was 

gradually increased with decreasing or increasing V/III ratio, implying that 

donor types of charged impurity was incorporated into InSb epilayers with 

decreasing or increasing V/III ratio. It turned out to be an indium interstitial 

defect, which shows the lowest defect formation energy in In-rich and Sb-

rich growth conditions.   

 

The origin of new PL peak, which has not been reported yet, was 

investigated in this thesis. From the InSb epilayers grown at different growth 

temperature, it shows the the intensity of the new PL peak has relationship 

with growth temperatures. With increasing growth temperature, the intensity 

of the PL peak was decreased, implying that its origin was maybe related to 

the carbon from the metalorganic precursors. Carbon concentration measured 

by SIMS depth profiles shows the same trends with PL intensity. It indicates 

that the new PL peak was originated from the carbon.  

 

P-type doping for InSb was studied using diethylzinc (DEZn). With 

increasing DEZn mole fraction, hole concentration increased linearly. With 

increasing growth temperatures, hole concentration was decreased due to the 

Zn re-evaporation on the surface due to the increase of vapor pressure of Zn.  

For InSb surface passivation, ZnS films were deposited with dependence 

of deposition rate. High quality of interfacial properties at ZnS/InSb was 
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observed as compared to that of other passivation materials. It was caused by 

the S termination with InSb dangling bonds, producing In-S and Sb-S 

bonding. However Dit was gradually increased with increasing deposition 

rates, implying that the effect of S termination was reduced. In this deposition 

conditions, negative fixed charges density was reduced at 1.5 A/sec and it 

became positive fixed charges from the C-V measurements. This was due to 

the formation of positive fixed charges with increasing ZnS deposition rate. 

The formed sulfur vacancies, which have positive charges, can compensate 

the negative fixed charges existing on the InSb surface, introducing near flat-

band condition near the surface. This charge compensation suppresses the 

surface leakage current.      

 

ZnS passivation was found to be very effective way to reduce the dark 

current in mesa type InSb photodiodes. With ZnS passivation films, dark 

current was significantly reduced, introducing device performance such as 

spectral response. In case of ZnS passivation, the spectral response was even 

observed at 220 K which implies that the device operation temperature can be 

increased.   

 

The reduction of surface leakage current was also influenced on the IR 

device performances such as responsivity and detectivity. When ZnS films 

were depositied, responsivity and detectivity was improved due to the 

reduction of surface leakage current by comparing to that of SiO2 and 

unpassivation samples.  

    

 



 

 196 

Abstract (in Korean) 

 

중적외선을 검출할 수 있는 적외선 감지 소자는 해외 선진국의 

주도하에 군사용으로 개발이 되었지만, 현재는 산업용, 의료용에 

이르기까지 그 활용 분야를 점점 확대하고 있다. 그 결과, 시장 

규모도 급격하게 성장하고 있다. 하지만 해외 선진국에서는 적외선 

감지 소자의 제작 기술을 수출 금지 품목으로 지정하여 기술의 

해외유출을 엄격하게 제한하고 있다. 하지만 국내의 적외선 감지 

소자 제작 기술은 기초 단계에 머물러 있기 때문에, 세계적인 기술 

수준과의 격차를 좁히기 위해서 체계적인 연구가 시급하다.  

 

중적외선 검출 소자의 재료로 가장 널리 사용되는 물질은 

인듐안티모나이드 (InSb)이다. InSb는 밴드갭이 적외선 파장대 

영역과 일치하며, III-V족 화합물 반도체 중에서 이동도가 가장 높기 

때문에 매우 적합한 물질이다. 기존에는 n타입 기판에 p타입 

물질을 확산 및 이온 주입 방법을 이용하여 소자를 제작하였지만, 

InSb 기판의 표면에 결함을 형성하여 소자의 동작 특성이 저하되는 

문제점이 있다. InSb 에피 성장을 통해서 극복하고자 하는 노력이 

있었지만, Sb의 특성 때문에 고품질의 InSb 에피층을 성장하는데 

어려움이 있다. 따라서 본 연구에서는 유기금속화학기상증착법을 

이용하여 InSb 에피층을 성장하고, 표면적, 구조적, 전기적, 광학적 

분석을 체계적으로 진행하여 고품질의 에피층을 성장하는데 목적을 

두었다. 또한 ZnS 표면 보호막 연구를 통하여 소자 동작 특성 
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향상에 대한 연구를 진행하였다.  

 

고품질의 에피층을 성장하기 위한 첫 번째 전제조건은 eip-

ready의 기판을 준비하는 것이다. As, P, N계열의 물질 성장과 달리 

Sb는 낮은 평형 증기압 및 hydride 소스가 존재하지 않기 때문에 Sb 

이차 상 (phase)형성 과 같은 문제를 야기하여 기판 처리가 매우 

어렵다. 따라서 Sb 분위기에서 열처리에 대한 논란이 많다. 하지만 

본 연구에서 Sb 분위기에서 열처리는 매우 중요한 것을 발견하였다. 

Sb 분위기가 형성되지 않으면 표면에서 원하지 않는 In droplet과 

직사각형 모양의 에칭 핏이 형성되기 때문이다. 이것은 InSb 

기판에서 In과 Sb의 평형 증기압 차이에 따라서 Sb이 선택적으로 

증발되기 때문이며, zincblende 구조의 에칭 특성이 열처리 과정 

중에 반영되어 에칭 핏이 형성된다. 이런 열처리 조건은 이후에 

형성되는 InSb 에피층의 특성에 영향을 주어 특성이 저하되는 

결과를 초래하였다.  

 

고품질의 박막을 성장하기 위해서 성장 변수 (V/III ratio, 성장 

온도)를 변화하면서 최적화된 조건을 찾고, 에피층의 표면적, 

구조적, 전기적, 광학적 특성을 평가하였다. 성장 온도는 490 oC, 

V/III ratio는 8.8에서 가장 우수한 품질의 InSb 에피층이 성장되었다. 

저온에서 V/III ratio를 낮추면 In droplet이 형성되었으며, 충분한 

Sb이 공급되지 못했기 때문이다. 고온에서 V/III ratio를 낮추면 In 

droplet 형성이 억제되었다. 이것은 TMSb 소스가 성장 온도 
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영역에서 충분히 분해가 되지 못했기 때문이며 성장 온도의 증가가 

Sb을 추가적으로 공급하여 In droplet 형성을 억제하였다. InSb의 

성장 거동 기구로부터 InSb의 성장 속도는 표면에서 반응속도 

(surface reaction kinetic regime) 및 TMIn 유량에 영향을 받지만, TMSb 

유량에는 영향을 받지 않았다. 이 결과로부터 TMIn 소스도 성장 

온도 영역에서 충분한 분해가 일어나지 않는다는 것을 알 수 있다. 

본 연구에서 InSb의 광학적인 분석을 통해서 2 가지 현상이 

발견되었다. 첫 번째는, InSb의 밴드갭이 InSb의 조성에 의해 영향을 

받았다. In이 충분한 조건에서 성장된 InSb 에피층에는 인듐 침입형 

(Indium interstitial) 결함이 형성되어서 밴드갭 에너지가 줄어들게 

보이는 효과를 보였다. 두 번째로, 기존에 보고되지 않은 탄소와 

관련된 PL emission을 처음으로 발견하였고, 그 원인을 규명하였다.  

 

마지막으로 소자 동작 특성을 향상하기 위해서 InSb의 표면 

보호막으로 황화아연 (ZnS)을 연구하였다. 기존에 사용되는 SiO2는 

절연막 증착 중 혹은 증착 후에 InSb의 자연 산화막 및 InSb와 

계면 반응이 발생할 수 있다. 이러한 문제를 해결하기 위해서 황을 

포함하는 황화아연은 표면 보호막으로 사용한 결과, SiO2를 증착한 

것과 비슷한 우수한 계면 특성을 얻었으며, 이때 계면 트랩 밀도는 

2 x 1011 cm-2eV-1였다. 화학적 조성이 불균일한 황화아연 박막의 

증착을 통해서 평탄대 전압을 형성하여 표면 누설 전류 통로를 

억제할 수 있었고, 그 결과 표면 누설 전류가 억제되는 것을 

관찰하였다.  
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ZnS의 증착 유무에 따라서 적외선 감지 소자의 동작 특성을 

관찰하였다. 그 결과, 표면 보호막을 증착하지 않은 샘플에 비하여 

암전류는 감소하였다. 이것은 표면으로 흐르는 표면 누설 전류가 

억제되어서 총 암전류 값이 감소를 하였다. 또한 소자의 spectral 

response에도 영향을 주었다. ZnS 표면 보호막이 증착되면 약 10배의 

강도가 증가하였으며, 온도 의존성에서도 더 높은 온도에서 spectral 

response가 관찰되었다. 또한 반응도 (Responsivity)와 검출도 

(Detectivity)와 같은 적외선 소자의 특성 측정을 통해서도 ZnS 표면 

보호막이 증착이 되면 소자 특성이 향상되는 것이 관찰이 되었으며, 

이것은 ZnS 표면 보호막의 증착이 표면 누설 전류를 줄여서 암전류, 

spectral response, 반응도, 검출도와 같은 기본적인 검출소자의 동작 

특성 향상에 영향을 주었음을 보여주는 것이다.  
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