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Abstract. This paper presents a detailed study of photoluminescence of doped indium antimonide crystals. 

We have conducted a detailed study of photoluminescence of doped n-type indium antimonide crystals in a wide 

range of concentrations 1*1015 cm-3-1.5*1019 cm-3 at temperature 77 K.  In this paper, we have for the first time 

obtained spectra of photoluminescence of indium antimonide with   n > 5*1017 cm-3 and experimentally 

discovered that spectrum of photoluminescence of indium antimonide with n ≥ 8.5*1016 cm-3 consists of two lines, 

maxima of which shift towards higher energies with increasing concentration. It has been established that 

shortwave line of doped n-type indium antimonide crystals’ radiation is caused by recombination of electrons, 

located at Fermi level, with holes in valence band top. It has been shown that the best agreement between the 

experiment and theory in heavily doped crystals is reached by taking into account fluctuations of donor 

concentrations, dependence of the band gap on the degree of doping, as well as effective reduction of Fermi 

energy with increasing concentration. 
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1. Introduction  

Indium antimonide (InSb) is a semiconductor with a narrow direct bandgap, ΔE0 ≈ 0.17 eV at ambient 

conditions. Therefore, since its discovery in early fifties of twentieth century, InSb has naturally become one 

of the major choice materials for infrared (IR)-detecting devices [1].  

Moreover, indium antimonide has long been considered a model semiconductor and it was indium 

antimonide on which the main theories created for crystals А3 В5 and their analogues (such as Kane's 

formalism) was tested.  Interest in indium antimonide is caused not only by the peculiarities of its zone 

structure (narrow bandgap width, small effective mass of electrons, high mobility values), but also by the 

possibility to obtain single crystals in a very large concentration range (n- 1012-1019cm-3; p - 1011-1020 cm-3). 

Although indium antimonide is a well-studied semiconductor, there is nevertheless very little work on 

photoluminescence studies. Of great scientific and often practical interest are studies of indium antimonide 

crystals containing initial concentrations of impurities, i.e., heavily doped crystals. When studying various 

physical effects in heavily doped n-type indium antimonide crystals, numerous anomalies have been found 

that are related not only to the degree of doping, but also to the grade (i.e., chemical nature) of doping 

impurity. 

In recent years, scientists have been studying antimonide india according to various characteristics:  

Monnens, W., Billiet, N., Binnemans, K., et al.  gives the following description: Indium antimonide (InSb) is 
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a III-V compound semiconductor with a narrow bandgap and a high electron mobility, and is used in various 

optoelectronic devices [2]. Electrodeposition represents a low-cost, scalable method for fabricating InSb 

films. In the literature, aqueous electrolytes and ionic liquids have commonly been applied. In this work, the 

electrodeposition of InSb films and nanowires from a dimethyl sulfoxide (DMSO)-based electrolyte was 

demonstrated. This electrolyte enabled electrodeposition in a broader potential range and at higher 

temperatures as compared to aqueous electrolytes. The electrolyte has a lower viscosity than ionic liquids, 

therefore exhibiting better mass transport properties for electrodeposition [2]. Muhammad Shafa, Sadaf 

Akbar, Lei Gao, Muhammad Fakhar-e-Alam & Zhiming M. Wang  his work shows some important features 

of the growth of pure indium antimonide nanowires (InSb NWs) and their potential industrial applications 

[3]. Dilek Cakiroglu, Jean-Philippe Perez, Axel Evirgen and others from indium antimonide, photovoltaic 

cells were specially developed and manufactured for use in near-field thermophotovoltaic device 

demonstrators [4]. Therefore, indium antimonide, due to its specific properties, has long attracted the 

attention of researchers. 

Unique properties of semiconductor quantum dots of the А3 В5 group are of particular interest due to 

high mobility of electrons, narrow band gap, and low effective mass of electrons. Manifestation of quantum 

size effects of such nanoclusters becomes possible even in the case of comparatively large sizes. Another 

advantage of narrow band gap and gapless semiconductors of the А3 В5   group is the possibility of synthesis 

on their basis of quantum dots with variable band gap and their further application in infrared (IR) and 

terahertz spectrum ranges. Nanoparticles, obtained by fine and ultrafine grinding of single-crystal plates and 

ingots of appropriate macro materials, are widely used in lasers [5, 6].  Besides this, development of 

technology to obtain А3 В5   compounds has shown that transition to creation of the large and very large 

integral circuits demands increasing diameter and improving structural perfection of single-crystals used as 

substrates [7, 8]. 

But of particular interest is the study of the photoluminescence spectra of n-type indium antimonide 

crystals. And the purpose of this work is to study the photoluminescence spectra of n-type indium 

antimonide doped crystals in the concentration range 2*1016cm-3  -  4.8*1018cm-3   at  t=77K. 

Photoluminescence of indium antimonide is very weak and difficult to observe. There are few works on the 

study of photoluminescence of n-type indium antimonide crystals in the literature. They are mainly devoted 

to the study of crystals containing relatively small concentrations of electrons. In heavily doped indium 

antimonide crystals n> 5*1017cm-3 there appear “tails” of density of states in band gap, due to strong non-

parabolicity of conduction band at n ~1018cm-3 the Fermi energy becomes of the order of band gap. Based on 

indium antimonide they produce sources of coherent radiation, photodetectors in wide spectral range. 

Besides this, InSb is used to make laser and tunnel diodes, infrared (IR) filters and magnetic field detectors 

[9]. 

Photoluminescence of indium antimonide was first investigated by Moss using optical excitation at 

room temperature in pure crystals. A relatively broad band with an emission maximum of 7-8 µm was 

detected. The author attributes this line to interzone recombination, since the position of the maximum of the 

emission spectrum approximately corresponds to the width of the forbidden zone of pure indium antimonide. 

Later, the emission of the p-n junction of indium antimonide was studied using electrical injection. In the 

study of photoluminescence of indium antimonide at 200 K, two intrinsic lines with emission maxima ℎ𝑣1 =
0.234𝑒𝑉 and ℎ𝑣1 = 0.200𝑒𝑉, and impurity lines ℎ𝑣1 = 0.216𝑒𝑉 and ℎ𝑣1 = 0.230𝑒𝑉 are observed.          

2. Materials and research method 

From the said above it is clear that most of the works on the study of photoluminescence of indium 

antimonide contain information related to pure crystals or to crystals alloyed to concentrations not exceeding 

4.8*1017 cm-3. Therefore, it is of high interest to carry out a detailed study of the photoluminescence of 

indium antimonide crystals with concentrations greater than 5*1017 cm-3, especially crystals with n > 1018 cm-

3. At such concentrations, several remarkable effects related to the degree of alloying and to the chemical 

nature of impurities were found. Strongly alloyed crystals of indium antimonide n-type display captivating 

value for the study of radiative processes also because of the already strong nonparabolicity of the 

conduction zone at n~1018 cm-3, the Fermi energy becomes the order of the width of the forbidden zone 

(~0.22eV). It is also insightful that in strongly doped indium antimonide n-type crystals, the energy of 

plasma oscillations on the order of magnitude is close to the width of the forbidden zone. 

Studied in detail photoluminescence spectra of n-type indium antimonide single crystals in a wide range 

(from 1.2*1015cm-3 to 1.5*1019cm-3) of carrier concentrations at liquid nitrogen temperature.  In the literature 
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there are n-type indium antimonide photoluminescence spectra only for concentrations up to n≤ 5*1017cm-3.  

In the studied range of concentration, we have measured about 200 spectra of n-type indium antimonide 

photoluminescence [1]. Emission spectrum of indium antimonide with n=5.4*1016 cm-3 consists of one line 

with maximum ћv=244 meV. The line width at half intensity is about 30 meV. The origin of this line was 

attributed to radiative direct transition of electrons from conduction band to valence band. Therefore, despite 

the widespread use of n-type indium antimonide, the luminescence spectra of doped crystals are not widely 

used, so this study is relevant . In this paper a new, not observed by authors [10,11] emission line appears in 

the long-wave part of the spectrum, in photoluminescence spectra of n-type indium antimonide, starting from 

n≥ 8.5*1016cm-3 electrons concentration. Thus, with an increase in the concentration of   donor impurities, 

the main emission consists of two bands, maxima of which shift towards shorter wavelengths with increasing 

doping degree.  Figure 1 shows the photoluminescence spectra of n-type indium antimonide for some of the 

studied crystals of different concentrations at a temperature of 77 K. 

 

 
 

Fig.1. Photoluminescence spectra of indium antimonide at T=77 K and different concentrations, 

1 − 9.8 ∙ 1017cm−3,  2 − 2.8 ∙ 1018cm−3,   3 − 4.8 ∙ 1018cm−3 

 

 

 
 

 

Fig. 2. Dependence of the energy position of the emission line maxima of indium antimonide crystals  

on the degree of doping 

 

Figure 2 shows dependence of emission line maxima on doping level.  From Figure 3 it can be seen that 

distance between two energy lines of emission remains approximately constant (30-40 meV) up to 

concentration ~3*1018cm-3, and then starts to increase, reaching ~80 meV at maximum concentrations. With 
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an increase of donor impurities concentration long-wave wing shifts towards higher spectrum energies. The 

integrated intensity of the emission line decreases with increasing electron concentration. 

With increasing impurities concentration non-radiative recombination predominates, due to this the 

proportion of radiative recombination decreases, therefore the ratio of intensity of longwave and shortwave 

bands changes with increasing impurity concentration. 

Experimental data can be explained taking into account features of the indium antimonide band 

structure: the spectrum of electrons in the conduction band is strongly non-parabolic, me≪mhh (me- effective 

mass of electrons, mhh- effective mass of heavy holes). If we assume that non-equilibrium holes have a lattice 

temperature and photoluminescence band is due to vertical transitions from conduction band to valence 

subbands, then the maximum of the band should be at an energy of the order of the band gap width ~Е𝑔, 

which is not observed in the experiment. Another possibility may be in that effective temperature of non-

equilibrium holes is significantly different from a lattice one and, as a result, there is a sufficient number of 

holes in the valence band with a wave vector equal to К𝐹 (wave vector of electrons at Fermi level). In such a 

situation, the maximum of the emission band should be at a significantly higher photon energy than Е𝑔 (e.g. 

at n~1018cm-3 Fig. 1 maximum should be at photon energy ~ 2Е𝑔, which roughly corresponds to experimental 

data for this concentration). However, for this we must assume that the effective temperature of the holes: 

 

𝐾 𝑇ℎ~ 
ħ2𝐾𝐹

2

2𝑚ℎ
~  𝐸𝑔

𝑚𝑒

𝑚ℎ
~ 25мэВ, те Тһ~ 300K                                                                                       (1) 

 

We can describe a new shortwave part of the spectrum more exactly, if we suggest that it is caused by 

recombination of electrons, located at Fermi level, with holes at the top of the valence band, i.e. indirect 

transitions take place. The impulse in such a process is transferred from photoexcited holes to a charged 

donor. Mean free path of heavy holes 𝑙 or inverse value 2𝜋/𝑙, which determines impulse uncertainty can be 

estimated using Brooks-Herring formula scattering on charged impurities: 

 

𝑙 =
2

𝜋

𝜀2ℋ2

𝑒4𝑁Д
   Ф(𝑈)                                                                                                                                                                                                                (2) 

 

where 𝜀 − energy of a hole, 𝑁д − concentration of charged impurities, 𝑈 =
∆𝜀

𝜀
 , ∆𝜀 − energy transferred by 

impurity hole Ф(U)≈ 𝑙𝑛𝑈. Substituting 𝜀 ≈ К0Т , we shall obtain at 𝑁д = 1019𝑐𝑚−3, 𝑙 = 4 ∗ 10−8𝑐𝑚 and 

then ∆К =
2𝜋

𝑙
= 1.5 ∗ 107𝑐𝑚−1. Thus, such processes ensure the transfer of impulse during indirect 

transition. Taking into account the non-parabolicity of the conduction band and neglecting the contribution 

of light holes, the expression for the relative intensity of optical transitions Ι can be written as  

 

𝐼 = √𝑥(1 + 𝑥)
3

2(1 + 2𝑥)
1+𝑥

1+3𝑥
(1 + 𝑒𝑥𝑝

𝑥−
𝜀𝐹
𝜀𝑔

𝐾0𝑇

𝜀𝑔

)−1                                                                               (3) 

where 𝑥 =
ħ𝜔0−𝜀𝑔

𝜀𝑔
; 𝜀𝐹 − Fermi energy, 𝜀𝑔 − band gap width, Т-temperature, factor 

1+𝑥

1+3𝑥
− determines the 

dependence of the matrix element on energy; √𝑥(1 + 𝑥)
3

2(1 + 2𝑥) density of states in the conduction band  

(1 + 𝑒𝑥𝑝
𝑥−

𝜀𝐹
𝜀𝑔

𝐾0𝑇

𝜀𝑔

)−1 − Fermi electron energy distribution function. For non-parabolic conduction band 𝜀𝐹 is: 

 

𝜀𝐹 =
𝜀𝑔

2
[(1 +

ħ2𝐾𝐹
2

𝑚𝑐
𝜀𝑔

2

; )1/2 − 1]    𝐾𝐹
2 = (3𝜋2)2/3𝑛𝐷

2/3                                                                        (4)  

 

Figure 3 shows the results of calculation using formula (1) for some studied crystals. It is clear that up 

to concentrations ~2*1018cm-3 this formula describes shortwave line of emission spectrum well enough.  
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Fig. 3. Photoluminescence spectra of n-type indium antimonide 5.8*1017cm-3 at Т=77 К,  

where solid line - experiment, dotted line – theory 

 

Figures show that with further increase in concentration of donor impurities in crystals (n>*1018cm-3) 

there is a lag observed between experimental maximum and theoretically calculated. This lag is growing 

with concentration increase, reaching ~100 meV at n=1.3*1019cm-3. This lag can be explained within the 

framework of a model, similar to the one used in paper to describe features of light absorption in heavily 

doped germanium. 

The reason for the lag in energy of the experimentally observed short-wave peak from the theoretical 

prediction is that photoexcited holes are predominantly bound to fluctuations of impurities, which leads to a 

lag in the emission maximum from the position of the Fermi level. 

Fluctuations in donor concentration lead to the formation of bound hole states. Such fluctuations will 

bind predominantly heavy holes. Let us estimate a value of U potential, caused by heterogeneity of donor 

distribution: 𝑈 = 𝑒2𝑧/𝐿𝑥, 𝐿 – radius of Thomas-Fermi screening, 𝑥 – dielectric constant (permittivity), 𝑧 – 

deviation of the number of donors from the average. 𝑧 = √4/3𝜋𝐿3𝑛 . Then = (
4

3
𝜋𝐿𝑒4/𝑥2)

1
2⁄  . For a 

degenerate electron gas 𝐿 = (𝜀𝐹𝑥/6𝜋𝑒2)
1

2⁄  , where 𝜀𝐹 is calculated with regard to non-parabolicity of the 

conduction band. Characteristic wave vector of holes 𝑘ℎ,𝑒 - in such potential is 𝑘ℎ,𝑒 = (2𝑚ℎ, 𝑒𝑉/ℎ2)
1

2⁄  

where 𝑚ℎ,𝑒 – effective mass of heavy (light) holes. For 𝑛 = 3 × 1018𝑐𝑚−3, at 𝐸𝑔 = 0.22 𝑒𝑉 , 𝐸𝐹/𝐸𝑔 = 1.1 , 

𝑈 = 25 𝑚𝑒𝑉 , 𝑘𝐹 = (3𝜋2𝑛)
1

3⁄ ≈ 4.5 × 106𝑐𝑚−1, 𝑘ℎ = 5.5 × 106𝑐𝑚−1, 𝑘𝑒 = 1 × 106𝑐𝑚−1 [12]. 

These estimates show that maximum may shift towards long-wave side by value of ~25 𝑚𝑒𝑉 and 

confirm an assumption that optical transitions into the area of heavy holes are indirect. Figure 4 

schematically shows the indium antimonide band structure, position of Fermi level for 𝑛 = 3 × 1018𝑐𝑚−3 

and optical transitions. 

 

 
 

Fig.4. Zone scheme for crystal    𝑛 = 3 × 1018𝑐𝑚−3 
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Long-wave maximum may be caused by direct electrons transitions into the area of light holes. 

Presence of such transitions in indium antimonide absorption spectra was noted in the works. As it is clear 

from estimate, the root-mean-square fluctuation of the number of donors does not provide the necessary 

impulse of light holes, i.e. 𝑘𝑒 < 𝑘𝐹 . With increase in concentration of U value donors, 𝑘ℎ,𝑒 increase. 

Experimentally this should lead to increased lag of short-wave band maximum position from theoretically 

calculated by (1) and its blurring which is observed experimentally .  

3. Results and discussion 

Taking into account changes of Fermi energy with increasing concentration shifts the theoretically 

calculated spectrum towards higher wavelengths, i.e. improves agreement between the experiment and 

theory.  

From the above we can conclude that to explain shortwave radiation line in doped indium antimonide 

crystals it is necessary to consider all causes that lead to shifting radiation lines towards long-wave area: 

a) fluctuations of donor’s concentration;  

b) floating of holes; 

c) dependence of band gap width on doping degree; 

d) effective reduction of Fermi energy in heavily doped crystals. 

1. Conducted detailed study of photoluminescence spectra of doped indium antimonide crystals in 

(1*1015cm-3 – 1.5*1019cm-3) interval of electrons concentration at 77К temperature. 

2. In detail obtained spectra of indium antimonide crystals’ photoluminescence with n >5*1017cm-3 

concentrations. For the first time, experimentally discovered that the main radiation of n-type indium 

antimonide crystals with n > 8.5*1016 cm-3 concentrations consist of two lines.  

3. It is shown that high-energy doped indium antimonide crystals radiation line is well explained by 

electrons recombination at Fermi level with holes at valence band top up to ∼ 2 ∗ 1018 cm-3 concentrations.   

4. It is established that to explain behaviour of shortwave indium antimonide crystals radiation line with 

n>2*1018cm-3 it is necessary to consider fluctuations of donor’s concentration, dependence of band gap width 

on doping degree, as well as effective reduction of Fermi energy with increasing concentration  

5. It is established that the shift of long-wave edge of radiation towards higher energy with increasing 

concentration is explained by the influence of impurity concentration fluctuations. 

4. Conclusion 

As already mentioned above, the long-wave wing of radiation spectrum of doped n-type indium 

antimonide crystals with increasing concentration shifts towards higher energy. This effect can be explained 

within the framework of a model, which we used to explain the shift of short-wave radiation line towards 

long waves, i.e. the model of optimal fluctuation of donor’s concentration. We see that long-wave wing of 

radiation should shift towards higher energy with increasing concentration by value 𝑈0. It should be noted 

that in crystals with n>4*1018cm-3 it is very difficult to precisely determine the position of long-wave edge of 

radiation (radiation was registered at the limit of resolution of the equipment used). 

The physical causes of long-wave radiation line of doped indium antimonide crystals cannot be direct 

optical transitions into the light holes zone, as in this case its spectral position would not depend on 

impurities concentration. The dependence of impurity concentration, difference in energy positions of short-

wave and long-wave maxima of the band does not allow to consider long-wave peak a background repetition 

of short-wave one. It is possible that long-wave line is caused by recombination of electrons, bound on the 

surface, as the above concentration dependences do not contradict such interpretation. 
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