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InSb is commonly used for mid-wavelength infrared detector (MWIR) 

material. Most of companies make InSb IR detector using ion-implantation 

method. 

Recently, high detectivity MWIR detector is fabricated by using epitaxial 

growth of InSb. In order to make high-quality MWIR detector, good crystal 

quality with well-designed structure is needed.  

However, according to many reports, epitaxial growth of Sb-based material 

is more difficult than other III-V semiconductor due to low vapor pressure of 

Sb. In this research, InSb epitaxial layers are grown on InSb substrate and 

crystal qualities are analyzed.  

Homo-epitaxial InSb was grown by varying temperatures and V/III ratios. 

According to data of X-ray diffraction and atomic force microscopy, InSb 

epitaxial layer without indium droplet is formed at above 470 
o
C. In case of 

growth temperature of 470 
o
C, surfaces of epitaxial layer is relatively rough. 
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In order to find best condition for InSb growth, high-resolution XRD analysis 

was conducted. According to the X-ray rocking curve data, full-width at half 

maximum (FWHM) of all epitaxial layers are smaller than bare InSb 

substrates. However, due to its similar FWHM, it is hard to define best 

condition for InSb epitaxial layer by XRD analysis.  

To define best condition for InSb growth, photoluminescence 

characteristics was measured at 77 K. Since photoluminescence line shape of 

InSb at 77 K is asymmetric, temperature dependence PL properties and power 

dependence PL properties are analyzed to define origin of asymmetric peak 

shapes and shoulder peak levels. At 5 K, peaks has symmetric shape and 

peaks at 213 meV was defined as phonon assisted transition due to its 

excitation power dependency. By increasing temperature, peaks become 

asymmetric and broad peak below bandgap was formed. This broad peak is 

mainly due to phonon replica. According to literatures, relative intensity of 

phonon replica is increasing with increase of temperature. Furthermore, 

theoretical FWHM of phonon replica is reported as 3kT. At 77 K, 3kT is 20 

meV. Considering that LO-phonon energy of InSb is 23 meV, the broad 

shoulder peak can be assigned as phonon replica. According to many reports, 

intensity of phonon replica is decreased at high defect concentrations. Finally, 

we compared the integrated intensities of defect levels. By comparing samples, 

we can find that the 510 
o
C with V/III ratio of 4.4 is best condition for InSb 

epitaxial growth. 
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Chapter 1. Introduction 

 

1.1 Background 

 

III-V semiconductors such as GaN, GaAs are commonly used as light 

emission & absorption materials like light emitting diode (LED), solar 

cell, etc. Those applications are available due to III-V semiconductors 

have direct bandgap. Thanks to their direct bandgap, photons easily 

emitted without energy loss. In all binary III-V semiconductors, InSb has 

the largest lattice constant and the smallest bandgap. That narrow 

bandgap has cut-off wavelength of 5.5 m at 77 K. This absorption range 

covers the entire mid-wavelength infrared region (MWIR, 3~5 m). Fig. 

1.1 shows three infrared region which has high transmittance region. In 

these region, the transmittance in atmosphere is high. In case of MWIR, 

wavelength is emitted by substance temperature of 1000 K. For that 

reason, MWIR region is commonly used for military application like 

missile seeker.[1] 

 

 

 

Figure 1.1 High transmittance regions in atmosphere 
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1.1.1 InSb photodetectors 

 

Indium antimonide (InSb) has smallest bandgap and largest lattice 

constant among binary III-V semiconductors. Figure 1.2 shows bandgap 

and lattice constant of various semiconductors. InSb’s band gap of 0.228 

eV well matched to mid-IR wavelength 3~5 μm. It has high electron 

mobility up to 105 cm2/Vs at 77 K. Table 1.1 shows electrical properties 

of InSb. Due to InSb’s high electron mobility, we can fabricate high 

response, high speed IR photodetectors by InSb.[1, 2]   

It has many advantages compare to mercury cadmium telluride 

(HgCdTe), shortly MCT, which usually used in the market. InSb has high 

detectivity (D*) up to 1011 but the cost is much lower than HgCdTe. 

Especially, the cost of substrate is 1/10 of HgCdTe. Also, InSb is 

relatively easier to grow and fabricate than HgCdTe and shows higher 

reliability of device operation in harsh environmental condition. So InSb 

is thought to be a good candidate for the alternative material of next 

generation high performance IR detector. [1] 
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Figure 1.2 Bandgap and lattice constant of various semiconductors 

 

 

InSb At 77 K 

Band gap 0.228 eV (5.44 μm) 

Mobility (μ
e
) 10

5
 cm

2
/Vs  

Mobility (μ
h
) 10

3
 cm

2
/Vs  

Table 1.1. Electrical properties of InSb .[3] 
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1.1.2 Trend of research in InSb photodetectors 

 

InSb IR photodetector was invented to military application in 70’s and 

few countries such as USA, England, France, Japan and Israel have high-

end IR detecting technology. There had been intensive research from 

80’s to 90’s on passivation layers, formation of p-n junction, epitaxial 

growth and fabrication process. These days, mature device fabrication 

process is established by companies, such as Raytheons, SCD and 

Sofradir, etc.[4] 

 On the other hand, there had been some fundamental studies in 90’s due 

to high possibility for IR detectors and other high speed devices, but still 

we are lack of accumulated technology. 

There are two general issues in InSb photodetector research. One is an 

active layer with high efficiency and the other one is a passivation layer 

for low dark currents. Most simple structure of an active layer is p-n 

junction. P-n junction is easily formed by beryllium (Be) implantation 

on n-InSb substrate. However, ion implantation process could degrade 

the active layer’s quality. During ion implantation, lattice damages are 

induced. In case of InSb, due to their low melting temperature, damage 

couldn’t be totally recovered. On the other hand, epitaxial growth by 

metal-organic chemical vapor deposition (MOCVD) and molecular 

beam epitaxy (MBE) is used to obtain the high quality layers and 

quantum structures such as p-i-n or n-p-n structures.[3] From this 

advantage, high detectivity and higher temperature operation is available 

by using epitaxial layers. With increase of detectivity, in response to a 

need for very high resolution MWIR detectors and systems, high 

resolution of 1280x1024 elements and pixel size of 15 m is developed 

by SCD.[5]  
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1.2 Epitaxial growth of InSb 

 

1.2.1 Difficulties in growth of InSb epitaxial layers 

 

Epitaxial growth of InSb was known that more difficult than other III-

V materials such as GaAs, InP, etc. due to several things.  

First of all, Sb has relatively low vapor pressure than N, P, As. In case 

of N, P, As-based III-V semiconductor, in order to protect the surface 

from loss of the volatile group V element, V source overpressure is 

maintained throughout whole growth process. However, in case of Sb-

based semiconductor, V/III should be precisely controlled. If excess Sb 

is exist in surface, excess Sb atoms can make Sb cluster on surface. Fig. 

1.3 is scanning electron microscopy (SEM) images of Sb-based epitaxial 

layer with high V/III ratio. In this graph, Sb hillocks are formed at surface. 

For that reason, V/III ratio and growth temperature should be precisely 

controlled.[6] 

Secondly, hydride antimony source SbH3 is much more unstable than 

NH3, PH3, AsH3 and hard to store and transport successfully. Thus alkyl 

antimony source like TMSb or TESb is used for InSb epitaxial growth in 

MOCVD.[7]  

Thirdly, InSb has low melting temperature of 525 oC. This low melting 

temperature makes many problem. Fig. 1.4 shows percent decomposition 

rate of sources with susceptor temperature. In this figure, TMSb isn’t 

totally composed at even melting temperature of InSb (525 oC) For this 

reason, growth should be conducted near melting temperature of 

TMSb.[6] In addition to these difficulties, native oxide of InSb isn’t 

totally removed by in-situ thermal cleaning method due to low 

temperature. For that reason, adequate etching of oxide and thermal 

cleaning process is needed. 
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 Finally, due to its narrow bandgap, there is no semi-insulating InSb 

substrate. This induces hardness in measuring electrical properties of 

InSb. These difficulties makes hard to grow high quality homoepitaxial 

InSb layers. 

 

 

Figure 1.3 Sb hillock formation at high V/III ratio  

 

Fig 1.4 The percentage decomposition of various alkyls versus 

susceptor temperature.[7]  
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1.2.2 Advantages of InSb epitaxial growth 

 

Most simple structure for MWIR detector is p-n junction. P-n junction 

is easily formed by beryllium (Be) implantation on n-InSb substrate. 

However, ion implantation process could degrade the active layer’s 

quality. During ion implantation, lattice damages are induced. In case of 

InSb, due to their low melting temperature, damage couldn’t be totally 

recovered. On the other hand, epitaxial growth by metal-organic 

chemical vapor deposition (MOCVD) and molecular beam epitaxy 

(MBE) is used to obtain the high quality layers and quantum structures 

such as p-i-n or n-p-n structures.[3] From this advantage, high detectivity 

and higher temperature operation is available by using epitaxial layers. 

SCD reports InSb detectors with higher operating temperature.[4] Figure 

1.3 shows 100K operating InSb detectors made by SCD. 

 

 

 

 

 

Figure 1.5 100 K operating InSb detectors 
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1.3 Photoluminescence properties of InSb 

 

1.3.1 Difficulties in photoluminescence analysis in InSb 

 

Photoluminescence (PL) is the phenomenon of light emission after the 

absorption of photons. Confirmation of defect levels in InSb is still not 

as successful as other III-V binary semiconductors. In case of InSb, due 

to its narrow bandgap, adequate detector material is needed. MCT 

detector can be used for this purpose. However, it is not commonly used 

for PL system. For this reason, just few group reported about PL 

properties of InSb.  

Moreover, the peak shape of InSb is asymmetric at higher temperature 

due to its narrow bandgap and low effective mass. Due to the asymmetric 

peak shape, deconvolution of defect related emission at higher 

temperature is difficult. Figure 1.6 shows theoretical emission spectrum 

and equation 1-1 represent that spectrum. [8] 
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Fig 1.6 Theoretical emission spectrum[9] 

 [1-1] 
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1.3.2 Photoluminescence emission lines in InSb 

 According to previous reports, some defect levels are revealed.[8, 10-

12] The peaks are arranged in Table 1.2. Band to band transition is 

assigned at 235 meV and several defect related emission is assigned. 

Origin of peaks near 211 meV was known as LO phonon-assisted 

emission (LO phonon replica). However, Y.J. Jin insisted that the origin 

of peaks at 211 meV is antimony antisite defect.    

 

 

Peak 

position 

(meV) 

Origin Reference 

235.2 Conduction band to valence band [10] 

231.1 Bound exciton transition [13] 

228.1 Shallow acceptor [13] 

224 
Uncontrolled impurities or structural 

defect 
[10] 

220 Undefined [10] 

216 Ge acceptor [12] 

212.5 LO phonon-assisted emission [12] 

211 Sb antisite [11] 

210 LO phonon-assisted emission [10] 

Table 1.2 Defect line position in InSb. 
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Chapter 2. Experiments and Analysis 

 

2.1 Growth method 

 

2.1.1 MOCVD system 

 

In this work, low-pressure metal organic chemical vapor deposition 

(LP-MOCVD) system was used to grow the InSb epitaxial layers. The 

schematic picture of system is shown in Fig. 2.1. The reactor is cold wall 

horizontal type. The reactor is made from quartz which is cooled by an 

air. The pressure is controlled by vacuum pumps, throttle valve and other 

exhaust components.  

The reactor pressure is kept at 76 Torr which is controlled by vacuum 

pump and throttle valve. Substrates were loaded on a molybdenum block 

on a SiC coated graphite susceptor, which is heated by RF generator with 

RF coil which are represented in Fig 2.1 as a red spiral line. 

. The temperature in the reactor is measured by thermocouple which is 

located in the center of the graphite susceptor and by pyrometer which 

directs the bottom of graphite susceptor. Run and vent manifold system 

is used to adapt rapid exchange of reacting gases and prevent the 

fluctuation of gas flow rate. The pressure and gas flow rate are controlled 

by electronic pressure controllers (EPC). 

I used 1.5 L/min H2 as a carrier gas which has the purity of 99.9999% 

maintained by a Paladium (Pd) purifier. The group III precursors used to 

grow epitaxial layers are Trimethylindium (TMIn, (CH3)3In) as the 

sources of Indium. The group V sources are the Trimethylantimony 

(TMSb, (CH3)3Sb). Bubbler pressures are 800 Torr. Temperatures of 

constant temperature bath are 18 oC and 0 oC for TMIn and TMSb, 
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respectively. Growth temperature was varied between 450~510 oC and 

V/III ratio was varied between 4.4~13.2 

The Epi-ready 2-inch InSb (001) wafers from Wafer Technology LTD 

were used. The doping revel of n-type wafer was about 5×1014 cm-3. 

 

 

 

 

 

 

Fig. 2.1. Schematic picture of vent-run manifold gas delivery system. 
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2.1.2 ex-situ wet etching of native oxide 

 

Due to low melting temperature of InSb, native oxide of InSb cannot 

be removed totally by thermal cleaning process even at near melting 

temperature.  

To etching native oxides, InSb substrates are etched in solution of 

lactic-nitric acid for 5 min. after etching, the substrates are rinsed in DI 

water and put in chamber immediately.[6] 

 

 

 

2.2 Analysis tools 

 

2.2.1 Atomic force microscopy 

 

In order to investigate the morphologies such as a root-mean-square 

roughness of layers, non-contact atomic force microscopy (AFM) 

measurements were performed in an atmospheric ambient. The Au-

coated Si tip is used in Seiko Instrument, SPA-400. 

 

 

2.2.2 X-ray diffraction 

 

Theta-2theta X-ray diffraction (XRD) is used to detect indium droplets 

and antimony hillocks. The XRD measurements were performed at 

atmospheric ambient. Voltage and ampere is fixed at 40 kV-40 A and Cu 

Ka1 is used. For this measurement, D8-Advance of Bruker Miller 

Corporation is used.  

XRD rocking curve is scanned to analyze crystal qualities of epitaxial 
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layers and substrates. The XRD measurements were performed at 

atmospheric ambient. For this measurement, X’pert Pro of PANalytical 

is used.   

 

2.2.3 Photoluminescence spectroscopy 

 

PL measurements were carried out in the temperature range from 5 K 

to 77 K. PL measurements were conducted at J. Shao’s lab (Shanghai 

Institute of Technical Physics). Kr+ laser (647 nm) is used for excitation. 

In case of temperature dependence and 77 K measurement, power of 100 

mW is used. 
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Chapter 3. Results and discussion 

 

3.1 Growth of InSb epitaxial layers 

 

3.1.1 Growth conditions with no second phase 

 

Growth temperature is most important factors in growth of InSb homo-

epitaxial layers. To define adequate growth temperature of InSb epitaxial 

layers, XRD theata-2theta scan measurement was done for samples 

grown at temperature of 450~510 oC with V/III ratio 8.8. Fig. 3.1(a) 

shows the XRD data. In this data, only sample grown at 450 oC has 

indium related peaks. At this temperature, indium droplet which is shown 

on fig 3.2(b) is formed at surface. 

 Above 470 oC, only InSb related peaks are observed. To analyze 

surface morphologies of epitaxial layers, AFM images are obtained. Fig 

3.2(a) shows AFM images of epitaxial layers. Samples grown at 

temperature of 450 oC were excluded due to rough surface induced by 

formation of indium droplet on surface. Fig. 3.2(b) shows RMS 

roughness of samples. Samples grown at 470 oC has relatively high 

surface roughness compared to samples grown at 490 and 510 oC. 

Furthermore, surface roughness is decreasing by increasing V/III ratio.  

This trend is maybe due to low pyrolysis rate of TMSb. For that reason, 

effective V/III ratio on film surface can be lower than 1. At higher 

temperature, decomposition rate of TMSb is increased and the effective 

V/III ratio become similar to 1. Consequently, clean surfaces with no 

indium could be formed. 

In case of samples grown at 490 oC and 510 oC, there is no indium 

droplet and antimony hillock formation at all V/III ratio. It is interesting 
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that there were no antimony hillocks even 510 oC with V/III ratio 13.2. 

According to literature, at high V/III ratio, Sb hillock was formed. In 

other words, in this condition, the effective V/III ratio is near 1. And this 

is maybe due to low pyrolysis rate of TMSb. Further research is needed 

to confirm this phenomenon. 

 

Fig. 3.1 (a) XRD theta-2theta scan data of epitaxial layers. (b) Indium 

droplet formed on surface of epitaxial layer 

(a) 

(b) 
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Fig 3.2 (a) Surface morphologies of epitaxial layers measured by AFM. 

(b) RMS roughness of various samples. 

(a) 

(b) 
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3.1.2 Crystal quality analysis by HR-XRD 

 

High resolution X-ray diffraction was conducted at samples grown at 

510 oC with V/III ratio of 4.4~13.2. Figure 3.3(a) shows the omega-

rocking scan data of epitaxial layers. In this graph, bare substrate has 

relatively broad peak. But in case of epitaxial layers, all samples has 

sharp diffraction peaks. The Full-width at half maximum (FWHM) of 

these peaks are represented in Figure 3.3(b). In this graph, only bare 

substrate has FWHM near 40 arcsec. It means that crystal quatlities of 

InSb epitaxial layers grown at 510 oC are better than crystal qualities of 

bare substrate. However, Comparison between epitaxial layers is 

relatively hard. Due to difficulty in compare crystal quality in epitaxial 

layers, we measured photoluminescence properties of these samples. 
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Fig 3.3 (a) XRD rocking curves of epitaxial layers grown at 510 oC and 

bare substrates. (b) FWHM of XRD rocking curves 

(a) 

(b) 
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3.2 Photoluminescence properties of InSb epitaxial 

layers 

 

3.2.1 PL measured at nitrogen temperature (77 K) 

 

Usually, InSb detector operate at nitrogen temperature with bandgap of 

0.23 eV. In order to observe optical properties of InSb at this temperature, 

photoluminescence measurements are carried out. Figure 3.4(a) 

represents the PL data. Sample conditions are growth temperature of 510 
oC with V/III ratio of 4.4~13.2. Bare InSb substrates are measured as 

references. At 77 K, The maximum peak position is 232 meV. 

Considering the theoretical gap between maximum peak position and 

bandgap 0.5kbT, it fits well with theoretical bandgap of InSb at 77 K.[8] 

The peak has higher energy side tail. This asymmetric peak shape is 

reported in some materials having narrow bandgap such as InN and 

InSb[8, 14].  

Usually, this asymmetric peak shapes are explained as “luminescence 

equation” expressed at equation 1-1. In Fig 3.5, calculated spectra by 

luminescence equation is plotted. It seems that the experimental data 

well fits to luminescence equation. 

However, the equation cannot explain everything of peak shape. 

Usually, in photoluminescence process, we dose high energy laser to 

excite electrons at ground states. The excited electrons are then shifts to 

lowest energy position (Γ at InSb) with making phonons. For that 

reason, in general, most of electrons recombine with hole at lowest 

energy band position. For this reason, other III-V semiconductor such as 

GaAs, GaN shows symmetric peak shape even at higher temperature. So, 

to explain the peak shape totally, we should examine various 
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characteristics of InSb. In case of InSb, bandgap is extremely small and 

thermal electron energies of kbT can affect considerable effect at forming 

conduction band electron. That means, conduction band filling effect can 

easily appeared.  

For that reason, the asymmetry is increased by increasing measurement 

temperature.  

Furthermore, All samples also have broad defect-like peaks located at 

210~218 meV.  

Samples grown at 510 oC with V/III ratio of 4.4~13.2 have similar peak 

shapes and shoulder peak levels. However, the peak position and FWHM 

has little deviation. This might be due to Burstein-Moss shift. In case of 

InSb, due to its narrow bandgap, Burstein-Moss shift could be easily 

appeared. [15] The peak position and FWHM is plotted in Fig 3.4(b).  

In this samples, bare substrates (n~1014) has smallest peak position. It is 

maybe due to low carrier concentration of bare substrates. On the other 

hand, epitaxial layers have higher peak position. This is explained by 

relatively higher carrier concentration of epitaxial layers. Usually, 

without dopant, epitaxial layer has some auto-doping effect. In case of 

InSb, undoped InSb grown at MOCVD is usually n-type 

semiconductor.[6, 16] In Fig 3.4(b), peak position of V/III ratio 4.4 is 

shortest. However, it doesn’t mean that V/III ratio 4.4 is best condition 

for InSb growth. 

If consider carrier concentration n is represented by equation 3-1, 

carrier concentration of epitaxial layer grown at V/III ratio 4.4 could be 

lower than other V/III ratio condition due to induce of acceptor during 

epitaxial growth.  

 

n = Nd - Na               [3-1] 
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For this reason, we couldn’t define best condition by maximum peak 

position  

The broad shoulder peak level was formed at all samples measured at 

77 K. The origin of these shoulder peak level should be analyzed before 

compare crystal quality of samples using photoluminescence analysis. 
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Fig 3.4 (a) Photoluminescence properties of epitaxial layers grown at 510 

oC and measured at 77 K. (b) FWHM and maximum peak position of 

epitaxial layers 

 

(a) 

(b) 
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Fig 3.5. 77 K peak spectra with emission equation spectra 
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3.2.2 Power dependent photoluminescence analysis 

 

To confirm the reason of asymmetric peak shape and shoulder peaks, at 

first, I tried to confirm the defect levels in our InSb epitaxial layers. In 

figure 3.6, deconvoluted peaks are clearly shown.  

 

 

Figure 3.6 Photoluminescence measured at 5 K with 250 mW 
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According to previous research, peaks at 235 meV is assigned to band 

to band emission. Peaks at 228 meV is assigned to shallow defect related 

emission. Peaks at 224 meV is assigned to uncontrolled defect emission. 

Peaks near 213 meV has two conflict opinion. Many researchers reported 

that peak as phonon-related emission. On the other hand, Y. J. Jin 

reported that it is related to Sb antisite defect. Our peak positions of 

sample are slightly bigger than previous reports. This may different due 

to Burstein Moss shift due to difference in carrier concentration.  

To assign origin of peaks centered at 213 meV, power dependent PL 

was measured.  

Figure 3.7(a) shows PL measured at 5 K with power of 20~250 mW. 

For this measurement, epitaxial layer grown at 510 oC with V/III ratio 

8.8 is selected.  

According to literature, by incrasing excitation power, the intensities 

changes and the integrated intensity can be fitted to this equation 3-2[17] 

 

      [3-2] 

 

Figure 3.7(b) shows integrated intensity versus excitation power. 

Fitting is done with the equation 3-2. k value of various peaks are 

arranged in table 3.1 

According to this equation, peaks at 235 meV is band to band transition. 

In case of 228 meV and 224 meV, we can define as defect levels. The 

peak levels at 213 meV can be two possible origin. However, if 

considering the value of k in equation 3-2, we can find that it can be 

assigned to phonon assisted transmission.[7, 10-12] We can also find that 

by increasing excitation power, the high-energy tail of band to band 

emission peak is broaden. Similar phenomenon is observed at PL study 
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of GaN with high excitation power. At the experiment, by increasing 

excitation power, high energy side tail is broaden. It is explained by 

“reduce of the energy loss rate of carriers” due to high excitation density. 

In other words, excited carriers are recombine with higher energy due to 

reduced energy loss rate.[18] In our case, bandgap is much smaller than 

excitation laser energy. This maybe induce reduction of energy loss rate. 

To prove more exactly, carrier energy loss rate of InSb is needed to be 

measured by varying excitation power. 
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Fig 3.7 (a) Excitation power dependent PL data at 5 K. (b) Integrated 

intensities for each convoluted peaks 

  

(a) 

(b) 
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Peak position k value Origin 

235 meV 1.44 Band to band 

229 meV 0.658 Acceptor 

225 meV 0.731 Acceptor 

213 meV 1.18 Phonon assisted transition 

Table 3.1 k value of various peak position 
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3.2.3 Temperature dependent photoluminescence analysis 

 

In order to define origin of peak shape change, temperature dependent 

PL analysis is conducted. In Fig 3.8(a), PL measurement data of samples 

grown at 510 oC, V/III ratio 8.8 is plotted. In this graph, we can find clear 

band-to-band peaks. The band-to-band emission peak shifts to lower 

energy levels by increasing measure temperature. Fig 3.9 shows 

experimental bandgap of our epitaxial layer compared to the other 

group’s data. The bandgap Eg is calculated by the equation 3-3.[8] 

 

Eg = Em-0.5kbT    [3-3] 

 

 Em means maximum peak position. kb is Boltzmann constant. T is 

absolute temperature.  

 Though the peak position is decreased by increasing temperature, 

peaks are broaden to higher energy levels. It can be explained by 

emission equation and reduced energy loss rate due to high excitation 

energy explained chapter 3.2.2 

With this band to band peak broadening, the defect peak levels 

represented in Fig 3.8(b) also broaden and merged. In general, intensity 

of shallow defect levels are decreased by increasing temperature. Peaks 

at 228, 224 meV is decreased by increasing temperature. That means, 

those peaks are shallow defect levels. 

By increasing temperature, broad shoulder like shape are observed at 

210~224 meV. Generally, shallow defect peaks are decreased by 

increasing temperature. on the other hand, some deep impurity emission 

like yellow luminescence emission in GaN is increased at normalized 

graph.[19] another candidate for this shoulder shape is LO phonon 

assisted emission of band to band transition. According to X. B. Zhang, 
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portion of phonon assisted emission is larger at higher temperature. 

Furthermore, the phonon assisted emission can be represented by 

following power law equation 3-4 and peaks are broaden by increasing 

temperature. [18] 

 

 [3-4] 

 

Wn is the probability that the free exciton of a given kinetic energy 

recombines via the nth phonon assisted process. For the 1LO phonon 

assisted recombination, W1(hω-Eg) is proportional to the exciton kinetic 

energy (hω-Eg). According to this equation, phonon assisted transition 

peak at 213 meV could be broaden by increasing temperature and the 

other defect peaks are merged due to this effect. The phonon linewidth is 

3kT for the LO phonon assisted transition. In case of ZnO, peak 

broadening of phonon assisted emission also appeared.[18] 

 In different to ZnO, which LO phonon energy is 70 meV, LO phonon 

energy of InSb is just 23 meV. For that reason, phonon assisted emissions 

are broaden and easily merged with band to band emission. Furthermore, 

due to narrow band gap of InSb, it is more plausible that shoulder peak 

is appeared due to phonon replica than possibility of deep impurity 

emission. It means that shoulder peak intensity difference should be 

explained by phonon replica. According to literatures, phonon replica is 

more strongly observed in high lattice quality materials. Otherwise, 

phonon replica is weaken at high defect concentration. From this 

statements, we can compare crystal qualities of samples PL measured at 

77 K by comparing shoulder peak level intensities.  
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Fig 3.8 (a) Temperature dependent PL data using 100 mW. (b) Magnified 

view of shoulder peak levels. 

 

 

(a) 

(b) 
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Fig 3.9 Experimental bandgap of epitaxial layers. 
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3.2.4 Best growth condition for InSb epitaxial growth 

 

As I have said in chapter 3.2.3, the integrated intensities of samples can 

represent the quality of epitaxial layers. In Fig. 3.10(a), the 77 K PL 

peaks of samples by varying V/III ratio at 510 oC are showed. In this 

graph, we can easily notice that shoulder peak intensity of V/III ratio 4.4 

is largest among samples. In Fig 3.10(b), integrated intensity of samples 

are plotted. According to X.B. Zhang, phonon assisted emission is 

stronger at lower defect samples. It is because of low scattering effect.[18] 

According to this data, among samples of growth temperature of 510 oC, 

sample grown with V/III ratio of 4.4 has highest integrated intensity. It 

means that V/III ratio 4.4 with growth temperature of 510 oC has lowest 

defect. For that reason, we decided that 510 oC with V/III ratio 4.4 is best 

condition for InSb growth. 
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Fig 3.10 (a) Broad shoulder levels of photoluminescence peak 

measured at 77 K. (b) Integrated intensities of shoulder peaks  

(a) 

(b) 
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Chapter 4. Conclusion 
 
InSb epitaxial layers are grown with varying temperature and V/III 

ratio. At low temperature, metallic indium was formed on surface. 
Indium droplets are disappeared and surface morphologies were flatten 
by increasing growth temperature. According to XRD-rocking curve 
FWHM data, we can find that all the epitaxial layers grown at 510 oC 
has narrower FWHM than bare InSb substrates. However, due to 
resolution of the measurement, crystal quality comparison between 
samples are difficult. For that reason, we measured optical properties of 
InSb epitaxial layers at its operation temperature, 77 K. 
photoluminescence line shape of InSb at this temperature has 
asymmetric shape and broad phonon replica related shoulder peaks. In 
advance to compare crystal qualities of epitaxial layers, peak shape and 
its origin was analyzed by power-dependent PL and temperature-
dependent PL. According to power-dependent PL properties, peak 
centered at 213 meV was regarded as phonon-related peaks. By 
increasing excitation power, the k value of the peak is even higher than 
k value of peaks centered at 235 meV. Several other well-reported 
defects are observed. By increasing excitation power, the higher energy 
tails are broadened. It can be explained by reduced energy loss rate due 
to higher excitation power. 
 By increasing measurement temperature, the band to band peak 

position becomes narrower. Considering the gap between Eg and peak 
center 0.5kT, the bandgap follows theoretical data. The higher energy 
tail of band to band emission becomes broader by increasing 
temperature. This phenomenon also explained by reduction of energy 
loss rate and luminescence equation. In other words, in this case, 
conduction band filling effects are increased by increasing temperature 
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due to thermal energy of electrons.  
The defect peaks (224, 228 meV) are decreased and merged into broad 

shoulder peaks at higher temperature. This merge is maybe due to 
broaden of phonon-assisted emission. According to literature, the 
FWHM of phonon assisted emission can be represented by 3kT it is 
19.9 meV at 77K and nearly similar to LO phonon energy of InSb. That 
well explain the reason of broad shoulder peak 

 Finally, I compared the integrated intensities of all defect levels 
measured at 77 K. By comparing this shoulder peak levels, we find that 
V/III ratio 4.4 with growth temperature of 510 oC has strong shoulder 
peak levels. In literature, strong phonon replica is obtained at lower 
defect concentration. By this statements, I decided that V/III ratio 4.4 
with growth temperature of 510 oC is best condition for growth of InSb 
epitaxial layers. That results also says that adequate V/III ratio at high 
growth temperature is most important at growth of InSb epitaxial layers. 
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초    록 

 

중적외선은 대기 중에서 높은 투과율을 가지고 있는 영역이기 

때문에, 1000K 의 온도를 가진 물체가 방출하는 에너지를 검출할 수 

있는 영역이다. InSb는 중적외선을 검출하는 적외선 검출소자의 

재료로 널리 사용되고 있어서, 군사적인 용도로 큰 활용 가치가 

있다. 하지만 국내에서는 InSb 적외선 소자 제작을 위한 기술이 

부족하여, 현재는 대부분의 적외선 소자를 수입에 의존하고 있는 

상황이다. 현재 주로 사용되고 있는 InSb 적외선 소자의 경우 

이온주입을 통해 p-n접합을 형성하는데, 이온주입 과정에서 격자의 

손상을 유발하여 적외선 소자의 암전류 증가로 인한 검출도의 

감소가 발생할 수 있다. 국내에서 에피성장 방식의 InSb 적외선 

소자 제작기술을 개발하게 될 경우 이러한 영향을 줄일 수 있으며, 

동작온도 상승의 가능성 또한 존재한다. 이를 위하여 본 학위기간 

동안 유기화학기상증착법 (Metal-organic chemical vapor depiction)을 

이용하여 InSb의 에피성장 연구를 진행하였다. 하지만 고품질의 

InSb 박막을 얻기까지 많은 어려움이 존재하였다. InSb의 낮은 

녹는점, 낮은 증기압, 원료 가스의 낮은 분해율, 그리고 자연 산화막 

제거의 어려움 등의 문제들이 존재하였지만, 이러한 어려움을 
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순차적으로 해결하면서 고품질의 InSb 에피 박막을 성장할 수 

있었다. 

우선 in-situ방법으로 자연 산화막의 제거가 어렵기 때문에 

etchant를 이용한 ex-situ방법을 통하여 자연 산화막을 제거 하였으며, 

성장 전 열처리 과정도 InSb 에피 박막의 특성에 큰 영향을 주는 

것으로 나타나 고품질 InSb 에피성장에 매우 중요한 요소로 

밝혀졌다. 또한, InSb는 녹는점이 매우 낮고, Sb의 증기압이 As, 

P물질에 비하여 낮기 때문에 InSb의 성장이 이루어지는 동안 성장 

조건의 미세한 조절이 InSb 에피층의 형성에 중요한 영향을 주었다. 

특히 성장온도가 상승함에 따라 InSb의 원료 가스의 분해율이 

상승하고, 표면에서의 mean free path가 증가하는 등의 원인으로 

인하여 에피층 표면의 굴곡이 완만해지는 결과가 얻어졌다.  

 가장 좋은 퀄리티를 가지는 InSb 에피성장 조건을 파악하기 위하여 

510도에서 성장한 에피층들을 X선 회절 분석법으로 분석하였다. X선 

회절 분석법으로는 InSb 기판에 비해 퀄리티가 좋아진 것은 

반가폭의 감소를 통해 확연히 확인 되었으나 에피층간의 반가폭 

차이는 미미한 수준이어서 조건의 우열을 가리기 어려웠다. 이러한 

이유 때문에 광발광 분석법을 이용하여 InSb MWIR detector의 

동작온도인 77 K에서의 광특성을 분석하였다. 77 K에서 광발광 

특성은 비대칭 형태를 가지며 낮은 에너지쪽에서는 결함 준위들이 
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융합되어 있는 모양이 나타났다. 이러한 peak 형태의 원인을 

밝혀내기 전에는 퀄리티에 대한 정확한 분석이 어렵기 때문에, 

저온에서 주사하는 빛의 세기를 변경하고, 측정 온도를 변화시키며 

InSb의 광발광 특성을 분석하였다. InSb의 광발광 특성은 좁은 

밴드갭 때문에 아직 완전히 밝혀지지 않은 에너지 준위들이 있다. 

특히 213 meV 위치의 peak은 기존에 포논과 연관된 발광으로 

여겨졌으나, 최근 안티몬의 안티사이트와 연관된 defect라는 주장도 

제기되었다. 성장된 에피층에서도 이 위치에 peak이 발견되었고, 

power을 올리며 그 peak 면적의 변화량을 관찰한 결과, free excition의 

변화와 유사한 경향성을 가져 shallow defect보다는 포논과 연관된 

발광인 것으로 생각된다. 온도를 올리며 광발광 특성을 분석한 결과, 

높은 에너지 쪽으로의 peak broadening이 온도가 증가함에 따라 점점 

심해졌다. 이러한 phonon replica는 이론적 발광함수에 따르면, 

반가폭이 3kT로 알려져 있으며 77 K 에서는 20 meV 정도가 된다. 이 

수치는 InSb 포논의 크기가 23임을 감안하면 매우 큰 수치라 볼 수 

있다. 이러한 경향성과, phonon replica가 측정 온도의 증가에 따라 

강하게 나타나는 현상을 생각하면, broad한 shoulder peak은 phonon 

replica에 의한 영향 때문이라 생각할 수 있다. 문헌들에 따르면, 

GaN의 yellow luminescence의 예와 같이 deep defect 등과 같은 

경우에도 온도가 올라가며 그 intensity가 세지는 것처럼 나타나기도 
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한다. 하지만 InSb의 좁은 bandgap을 감안하면, defect level이 InSb 

band의 중앙에 있다 하여도 shallow defect처럼 행동할 것으로 

생각된다. 따라서 77 K 에서의 shoulder peak은 주로 phonon replica에 

의한 영향 때문으로 생각되며, 좋은 퀄리티의 박막에서 Phonon 

replica의 intensity가 크게 나타난다고 보고되었기 때문에, 77 K 

에서의 peak intensity를 박막의 품질과 연관시켜 생각할 수 있다. 

이러한 peak의 넓이를 계산해 본 결과, V/III ratio 4.4 에서 성장한 

샘플이 가장 큰 peak intensity를 가졌고, 따라서 최적의 InSb 

성장조건으로 판단된다. 이 결과를 통하여, 높은 온도와 적당한 

V/III ratio에서 성장시킨 샘플의 퀄리티가 가장 좋음을 알 수 있다. 

따라서, 본 연구를 통하여 고품질의 InSb 박막을 형성할 수 

있었고, 이를 바탕으로 동작 온도의 상승이 가능한 소자를 제작할 

수 있는 기반을 마련하였다. 
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