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ABSTRACT 

Infrared (IR) detectors have acquired extensive popularity due to their vast range of 

applications. They have found wide use in the fields of medicine, military applications, 

scientific measurements, communications, as well as, agriculture. Mercury cadmium 

telluride (Hg1-xCdxTe) with its tunable bandgap, spanning the entire IR region, is the 

material of choice for IR detectors today. Surface passivation of HgCdTe IR detectors is 

a very significant step in the fabrication process as it improves the device performance 

remarkably. This research focuses on investigating two potential II-VI semiconductors, 

namely cadmium telluride (CdTe) and cadmium sulfide (CdS), for surface passivation of 

HgCdTe IR detectors. The deposition techniques that have been employed – 

metalorganic chemical vapor deposition (MOCVD) and atomic layer deposition (ALD), 

are of utmost importance in today’s IC fabrication industry. These have several 

advantages like, excellent uniformity and conformality, which makes them irreplaceable 

for deposition of thin films on complex device structures with high aspect ratios. 

CdTe has been the preferred material for surface passivation of HgCdTe IR 

detectors. Deposition of CdTe using MOCVD ensures good conformal coverage on 

mesa-etched, high aspect-ratio focal plane array (FPA) structures for modern day IR 

detectors. MOCVD of CdTe generally requires high temperatures (~350°C), but 

HgCdTe surfaces cannot be exposed to such high temperatures as Hg is volatile and may 

deplete from the surface. A major part of this research revolves around designing and 

developing a hot-wall reactor with two clam-shell heaters to facilitate cracking of the 

precursors at a high temperature (~600°C), while maintaining the substrate at a lower 

temperature (135°C - 170°C). Deposition rates of 40 – 70 nm/hr were recorded by 

varying the temperature from 135°C to 170°C. Favorable conformal coverage on high 

aspect ratio HgCdTe structures was obtained. Significant improvement in minority 

carrier lifetime was demonstrated in HgCdTe samples passivated with CdTe at 135°C.  

Further modification in the reactor design led to the increase in deposition rates of 

CdTe greatly. A novel graphite cracker cell was designed to be placed in the reactor tube 

and heated to a high temperature (~600°C), which facilitated the efficient cracking of 

precursors. CdTe deposition rates increased from 50 nm/hr to ~420 nm/hr. CdTe 

deposited on mesa-etched HgCdTe samples showed adequate conformal coverage. 
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Minority carrier lifetime of planar HgCdTe samples improved notably. An additional 

annealing step at 250°C for 20 mins in the presence of H2 improved the lifetimes further, 

suggesting the formation of a graded interface between CdTe and HgCdTe.  

CdS is a potent alternative to CdTe as a surface passivant of HgCdTe. The 

precursors readily react even at room temperature to produce CdS. This research work 

also includes the deposition and comparison of CdS films using both MOCVD and 

ALD. Commercial GaAs (100) and Si (110) substrates were used for the deposition. A 

deposition rate of ~300 nm/hr has been obtained using CVD at room temperature, 

whereas, ALD yielded a rate of ~70 nm/hr at 85°C. Both methods of deposition provided 

very good conformal coverage on high aspect ratio trench structures fabricated on Si 

(110) substrates. MOCVD provides much higher deposition rates, but ALD is the 

preferred method of deposition for uniform depositions over a large area. 



 

 

1 

1. INTRODUCTION 

1.1 Overview 

Photovoltaic devices have gained immense popularity in today’s booming electronics 

industry. A photovoltaic device is an application of a semiconductor p-n junction which 

converts light into an electrical signal. Photons are absorbed by the semiconductor lattice 

creating electron-hole pairs. The minority carriers which are generated diffuse through 

the lattice and are separated by the p-n junction electric field producing an external 

voltage. This principle of light conversion is widely used in infrared (IR) detectors. 

Today the most common material used for the fabrication of photovoltaic IR detectors is 

mercury cadmium telluride (HgCdTe). HgCdTe IR detectors are being used in various 

spheres such as night vision in military, IR spectroscopy, communications, medical 

imaging, pollution control, meteorology and astronomy. 

Over the years, structures of such devices and their fabrication processes have 

become increasingly intricate pushing the limits of their efficiencies. Such advancement 

in technology has been possible by developing advanced growth techniques like 

chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) coupled with 

effective surface and interface engineering [1]. Deposition of a thin insulating film, 

called a surface passivation layer has become one of the major aspects of fabrication of 

IR detectors. It is used to enhance the electrical performance of the device as well as its 

chemical stability. Semiconductor surfaces are generally quite different from the bulk 

due to contamination during the fabrication process or abrupt termination of crystalline 

periodicity at the surface which results in broken bonds. The surface properties often 

become a dominant contributor to the electrical properties of the device giving rise to 

high leakage currents [2]. A passivation film satisfies the dangling bonds and protects 

the surface from external exposure minimizing the effect of the surface on the electrical 

performance of the device. 

Silicon (Si) technology has had the advantage of the ease of formation of a good 

quality oxide. Hence, the most frequently used passivation material for Si is silicon 

oxide (SiO2) [3]. Other materials like silicon nitride (Si3N4) and aluminum oxide (Al2O3) 

are also used. Over the past few decades, many compound semiconductors consisting of 
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two or more elements have been synthesized and they have gained prominence due to 

their superior light receiving/emitting function, generation of microwaves, magnetic 

sensitivity and heat resistance. As researchers started exploring such compound 

semiconductors like gallium arsenide (GaAs), indium phosphide (InP), cadmium 

telluride (CdTe), mercury cadmium telluride (HgCdTe), etc., the need for investigating 

other materials for passivation arose. Since then, several wide bandgap semiconductors 

have gained prominence as effective passivation materials [4-6]. HgCdTe surface 

passivation is an area of research that is still being investigated because of the various 

technological and scientific difficulties. This research explores two of such wide 

bandgap semiconductors, namely, cadmium telluride (CdTe) and cadmium sulfide (CdS) 

showing excellent passivation properties for HgCdTe IR detectors. The deposition 

techniques used are metalorganic CVD (MOCVD) and also atomic layer deposition 

(ALD). 

Chapter 2  describes the theory of surface passivation followed by a brief technical 

background on the development of photovoltaic HgCdTe IR detectors. The importance 

of surface passivation along with the different materials that have been studied for 

surface passivation of HgCdTe has been summarized. This chapter also discusses the 

prominence of CdTe over other surface passivants at length. Benefits of CdS as a 

passivation material for HgCdTe have been analyzed briefly. Additionally, the need for 

the deposition techniques of MOCVD and ALD has been outlined. Finally, the research 

objectives have been compiled to provide a better understanding of the following 

chapters.  

Chapter 3 gives a detailed account of the customized MOCVD system, describing 

every component that comprises the system. It also reports the modifications and 

additions that have been made to the MOCVD system to fulfill the purpose of this 

research work. The latter part of the chapter discusses the characterization techniques 

used for studying the deposited CdTe and CdS passivation films.  

Chapter 4 discusses the simulation of the internal environment of the MOCVD 

reactor used in this work using a fluid dynamics software called FLUENT, by ANSYS, 

Inc. ANSYS provides an all encompassing computational fluid dynamics suite which 

allows the design of any complicated fluid system and simulation of the system to solve 
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for the variables involved. This chapter gives a brief description of the theory behind the 

FLUENT software, which basically includes the underlying equations and types of fluid 

solvers used. It introduces the reader to ANSYS Workbench platform and takes the 

reader step by step through the process of simulating and solving for the fluid flow 

inside the MOCVD reactor. It finally discusses the results of the simulation and 

compares it to the experimental results.  

Chapter 5 presents the details of CdTe deposition using MOCVD for surface 

passivation of HgCdTe. Initial low pressure deposition results of CdTe are detailed 

showing the improvement in minority carrier lifetime of HgCdTe after passivation with 

CdTe. This chapter also describes the results obtained using the graphite cracker cell as a 

thermal cracking enhancement and the characteristics of the deposited CdTe films.  

Chapter 6 demonstrates the experimental details of CdS deposition using MOCVD 

and ALD. It draws up a comparison between the CdS films deposited using the two 

deposition techniques. It also discusses the specific advantages and disadvantages of 

both the deposition techniques as applicable to passivation of HgCdTe IR detectors. 

Finally, Chapter 7 presents a summary of all the work done as a part of this research 

and draws conclusions based on them. It also provides a section outlining some 

suggestions for future work. 

Chapter 8 details some additional work done, which is related to surface passivation 

of semiconductors. It describes a novel solar cell structure with hetero-junctions formed 

between Si and II-VI semiconductors (ZnTe and ZnSe) for passivating the Si surface. 

Though the theoretical considerations promised a greater improved efficiency, it did not 

work out that well experimentally. The preliminary results of ZnTe growth using 

MOCVD have been described.  
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2. BACKGROUND AND RESEARCH OBJECTIVES 

2.1 Theory of Surface Passivation 

When a semiconductor lattice abruptly comes to an end at the surface, there are 

unsatisfied bonds. These broken bonds make the surface very reactive and give rise to 

localized electronic states, called surface states [3, 7]. Such surface states are available 

states in the forbidden energy gap. The surface atoms may react with each other to 

reconstruct the surface or attract impurities like carbon and oxygen. Electronically active 

defect states are also formed at the surface due to these dangling bonds [8]. All these 

factors can alter the surface potential leading to band bending at the surface. Thus, the 

surface properties can change drastically from the bulk affecting the electrical 

performance of the semiconductor device.  

Surface passivation is a phenomenon in which the surface of the semiconductor is 

coated with a thin insulating layer so that the bulk bonding continues at the surface [7]. 

This helps in the reduction of surface states, maintaining a flat band condition at the 

surface. An ideal surface is predicted to have surface states of the order of the number of 

surface atoms in a lattice, but for a surface coated with a passivation film, the number of 

surface states observed is several orders of magnitude smaller [3]. Figure 2.1(a) shows 

the presence of dangling and broken bonds at a semiconductor surface when the 

crystalline periodicity is suddenly terminated [7]. The effect of a passivation layer on the 

surface is shown in Fig. 2.1(b). 

In semiconductors, a passivation film provides chemical as well as electrical 

stability to the device. Not only does the passivation layer protect the semiconductor 

surface from outside contaminants, but it also helps in maintaining a stable surface 

potential over a period of time under stressful conditions encountered by devices [3]. 

Hence, a passivation layer should be mechanically hard, highly resistive and have a 

bandgap much higher than the semiconductor to be passivated in order to confine the 

carriers in the device. This will in turn reduce the generation-recombination currents of 

the device. 
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Figure 2.1: Semiconductor surface bonds (a) for a real surface without any 

passivation, (b) for a surface passivated with an insulating film [7]. 

 

2.2 HgCdTe IR Detectors 

The successful synthesis of HgCdTe in 1958 by Lawson et al. [9] led to the development 

of various Hg1-xCdxTe (where, x is the percentage of Cd in the alloy) alloys for infrared 

detection applications spanning the short wavelength IR (SWIR: 1–3 µm), middle 

wavelength (MWIR: 3–5 µm), long wavelength (LWIR: 8–14 µm) and very long 

wavelength (VLWIR: 14–30 µm) ranges. Figure 2.2 displays the electromagnetic 

spectrum showing the span of IR radiation and the range of wavelengths that can be 

covered by HgCdTe [10]. Since then, over the last five decades, HgCdTe technology has 

seen new and intensive developments specifically for military applications. Military 

technology has depended on HgCdTe for night vision. Today it is the most widely used 

infrared quantum detector material which finds use in all spheres like communications, 

medical imaging, pollution control, meteorology and astronomy. 
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Figure 2.2: Electromagnetic spectrum showing the range of IR wavelengths 

spanned by HgCdTe [10]. 

 

2.2.1 Advantages of HgCdTe as an IR Detector Material 

HgCdTe is a direct bandgap II-VI ternary alloy of CdTe and mercury telluride (HgTe). It 

crystallizes in a zinc-blende structure. Tunable bandgap of HgCdTe extending over the 

infrared region (from almost 0.7 µm to 30 µm) with the same lattice constant for all 

composition is what makes it an ideal candidate for infrared (IR) detectors [11, 12]. The 

major advantage of HgCdTe as an IR detector material is that it can detect radiation in 

both the accessible IR atmospheric windows which are from 3-5 μm (MWIR) and 8-12 

μm (LWIR). IR detection requires the excitation of an electron from the valence band to 

the conduction band. The minimum photon energy required for the excitation is equal to 

the bandgap of the material. The bandgap of Hg1-xCdxTe is a function of the alloy 

composition ratio x of CdTe to HgTe and also the temperature. Figure 2.3 shows the 

dependence of forbidden bandgap energy and the cut-off wavelengths on the CdTe mole 

fraction in HgCdTe alloy [13]. Typical x values of 0.2 to 0.4 span the medium to long 

wavelength spectral regions, 3-14 µm as given by the equation:  

Eg = -0.302 + 1.93x – 0.81x
2
 + 0.832x

3
 + 5.35(1 - 2x) 10

-4
T [14] 
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Figure 2.3: Dependence of forbidden energy gap and cut-off wavelength of HgCdTe 

on the mole fraction of CdTe in Hg1-xCdxTe [13]. 

 

HgCdTe has high absorption coefficient. Relatively thin layers of HgCdTe (10 – 20 

µm) can absorb a very high percentage of the signal. This helps in minimizing the 

volume of the detector which reduces noise and also thermal excess carriers. Some other 

specific advantages of HgCdTe are the ability to obtain both low and high carrier 

concentrations, high mobility of electrons and low dielectric constant [12]. Low 

dielectric constant helps in reducing the capacitance of the diodes which in turn reduces 

the RC time constant. Hence the response time of the diode decreases resulting in faster 

operation. The final key property of HgCdTe which makes it a superior material as 

compared to others for IR detection is the availability of lattice matched substrates for 

epitaxial growth. The crystal perfection and surface morphology of the epilayer is 

influenced significantly by the lattice constant mismatch. Crystal perfection is required 

to achieve better device performance by reducing the leakage current, the rate of 

recombination, traps etc. A great advantage of this II-VI alloy system is that the lattice 
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constant does not vary much as one goes from CdTe to HgTe. Hence the same substrates 

can be used for alloys having different ratio of CdTe to HgTe. Various techniques have 

been developed for the crystal growth of HgCdTe and it has inspired the development of 

three generations of detector devices [12]. 

2.2.2 Effects of Surface on the Performance of HgCdTe IR Detectors 

As discussed earlier, the surface of the semiconductor device contributes majorly to the 

performance of the device. Surface effects on the performance of HgCdTe photodiodes 

have been studied and analyzed thoroughly by many researchers [13, 15-17]. Dark 

current in photodiodes plays an important role in the detectivity and is often used as a 

parameter to determine the performance of the IR detector. Dark current depends on 

many factors, one of the most important factors being surface generated current. The 

surface generated current also denoted as JS, is dependent on the surface recombination 

velocity [16]. Surface states are created in the bandgap due to abrupt termination of 

crystal lattice. These act as centers for recombination of minority carriers. The surface 

recombination velocity is determined by the density of surface states and on the location 

of these states in the bandgap. Hence, higher the surface recombination velocity, higher 

is the dark current, which in turn indicates poor detector performance. Another figure of 

merit is the zero bias resistance-area product, RoA. This is inversely proportional to the 

dark current of the diode.  

HgCdTe surfaces are unique owing to several features [13]. HgCdTe surface 

become non-stoichiometric due to exposure to different etchants during processing. 

Also, a thin native layer of tellurium oxide (TeO2) may form on exposure to air. 

Throughout entire device processing, HgCdTe surfaces cannot be exposed to higher 

temperatures (above 150°C) due to the high vapor pressure of Hg and weak bonding of 

Hg in the lattice. This also leads to surface induced defects as highly mobile Hg atoms 

can move towards or away from the surface. This compound semiconductor is very 

sensitive to the history of its growth and processing. It influences the detailed bulk band-

structure, which in turn governs the movement of surface defects.  
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2.2.3 Need for Surface Passivation 

The first generation of HgCdTe IR detectors was photoconductive detectors, which 

operated on the principle of change in conductivity of a slab of semiconductor material 

when light is incident on it [18]. Soon with the advent of Si integrated circuits during 

1970s, the design of IR 2D arrays became possible. Since photovoltaic devices can 

integrate signals over a period of time to produce larger signals, the need for switching 

to photovoltaic detectors arose. The second generation of IR detectors was photovoltaic 

arrays with improved IR sensitivity and very low power consumption [19]. Surface 

passivation made the fabrication of focal plane arrays (FPAs) possible. 

A good passivation layer helps greatly in improving the device performance, as 

HgCdTe surface is extremely sensitive. It reduces recombination-generation centers as 

well as interface trap charges. This in turn increases the overall minority carrier lifetime 

and reduces the leakage current of the device. Nemirovsky and Bahir have extensively 

studied the dependence of device performance on surface passivation [20]. Since, 

HgCdTe is a narrow bandgap material, even a surface potential of ~100 meV can 

accumulate, deplete or invert the surface. Surface passivation helps in maintaining a near 

flat band condition at the surface, which reduces the overall dark current as well as 

tunneling current caused by accumulated or inverted surfaces [21]. Surface passivation 

has been proven to improve the thermal and chemical stability of the device as well. It 

protects the underlying HgCdTe from the high temperature post-processing steps.  

2.2.4 Materials used for Surface Passivation of HgCdTe 

Passivation of HgCdTe surfaces is challenging because of the presence of electrically 

active defects at the interface during passivation and also due to the different chemical 

properties of the constituents of the compound semiconductor [20]. Several materials 

have been tried for the passivation of HgCdTe devices over the years, like SiO2, SiNx, 

zinc sulfide (ZnS), etc. [15, 20-22]. Conventional passivation materials like oxides and 

nitrides, as well as compound semiconductor heterostructures with HgCdTe have been 

investigated for effective surface passivation of HgCdTe surfaces. Native films have also 

been studied for passivation effects as they are inherently beneficial. The growth of a 



 

 10 

native film uses up a few of the surface atomic layers, which in turn removes the non-

stoichiometric surface layer.  

The most widely reported dielectrics used for passivation of HgCdTe devices are 

ZnS deposited using evaporation or magnetron sputtering, low temperature CVD 

deposited SiO2 and plasma-CVD deposited SiNx [20]. All of these dielectrics have their 

own merits and demerits. SiO2 and SiNx with their large bandgaps have relatively better 

insulating properties than ZnS. ZnS on the other hand show greater interface properties 

and lower density of fixed charges. One of the disadvantages of ZnS is its poor 

mechanical strength and it may develop cracks when exposed to ultrasonic bonding. 

SiO2 is porous and has adhesion issues due to the difference in coefficients of thermal 

expansion. SiNx films may have internal stress which results in degradation of the 

interface properties.  

Native films on HgCdTe, though having great advantages, are not as reliable as that 

on Si. Thick native films cannot be grown on HgCdTe as they become porous and do not 

stick well to the surface. The native films that have been looked into over the years are 

anodic, plasma and photo-chemical oxides, anodic and chemical sulfides, and anodic 

fluorides [20]. The native oxide films are composed of HgTeO3, CdTeO3 and TeO3. 

Photo-chemical and plasma grown native oxides show much lower density of fixed 

charges, whereas growth of anodic oxide is very simple. Anodic sulfide films consist of 

HgS (30%) and CdS (70%). The interface formed between anodic sulfide and HgCdTe 

results in much lower density of fixed charges and fast interface traps. Anodic fluoride 

films are very similar to anodic sulfides in terms of interface properties, but have a better 

thermal stability than anodic sulfides. Insulation quality of all native films is much 

inferior to SiO2.  

Photoconductive IR detectors could be passivated successfully using dielectrics and 

native films, but these materials failed in the passivation of photovoltaic devices. Anodic 

oxides have a relatively high density of fixed charges which is not suitable for 

photovoltaic IR detectors. This is because films good for passivation of n-type region is 

not suitable for p-type region. II-VI semiconductors fit right into the category of surface 

passivants for HgCdTe. They have a wider bandgap than HgCdTe and the 

heterostructure formed between a II-VI semiconductor compound and HgCdTe can act 
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as a barrier to the excess minority carriers generated by radiation. Their adhesion 

properties as well as infrared transmittance are quite remarkable too. Mostly, CdTe is the 

material of choice, as will be discussed in the following section. Sometimes, ZnS along 

with CdTe helps in maintaining a flat band condition. As seen in Fig. 2.4, the junction 

formed between a dielectric like SiO2 and HgCdTe displays a slight band-bending in the 

HgCdTe due to interface charges. The band structure between HgCdTe and CdTe, in the 

figure, shows that there are barriers formed both in the valence and conduction band. 

The gradual broadening of the HgCdTe bandgap near the interface provides further 

passivation.  

 

 

Figure 2.4: A comparison of the band-structures formed between HgCdTe and a 

dielectric and HgCdTe and CdTe [20]. 

 

2.2.5 CdTe as a Surface Passivant 

CdTe has emerged to be the most important and suitable passivant for many reasons. 

CdTe is nearly lattice-matched with HgCdTe, which helps reduce the number of 

dangling bonds significantly [21, 23]. It has a lattice matching of 0.3% with HgCdTe. 

Since it is a higher bandgap material than HgCdTe, it acts as a good minority carrier 
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reflector, which in turn increases the effective minority carrier lifetime. A high minority 

carrier lifetime is a very important factor in the performance of IR detectors, as it 

reduces the leakage current significantly. The much larger bandgap of CdTe (1.5 eV) 

acts as a minority carrier reflector and helps in confining the carriers generated by the IR 

radiation inside HgCdTe. Thus, the surface recombination velocity is reduced by CdTe 

passivation. Figure 2.5 shows the band diagram of the heterostructure formed between 

HgCdTe and CdTe [24]. Inter-diffusion of CdTe and HgCdTe creates a graded junction 

which attributes to better passivation quality. An electric field is created along the 

graded junction which reflects the minority carrier into the bulk material and thus 

prevents surface recombination. Also, the fast surface states move into the wider 

bandgap semiconductor resulting in lower dark currents. CdTe passivation films have 

low interface fixed charge density of below 10
11

 cm
-2

 [22]. This low interface charge 

density helps to achieve near flat-band conditions at the surface of HgCdTe, which is 

important for reducing the dark current. Accumulated or inverted surfaces cause 

tunnelling of charges across the interface resulting in high leakage current. 

 

 

Figure 2.5: Band-diagram of CdTe/HgCdTe heterostructure showing the efficiency 

of CdTe as a minority carrier reflector [24]. 
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Additionally, CdTe is transparent to IR radiation above 0.8 μm, has a high resistivity 

and is also mechanically harder than HgCdTe. Since the chemistries of HgCdTe and 

CdTe are quite similar and CdTe films have minimal stress, adhesion of the passivation 

film to the substrate is very good, giving rise to excellent thermal and chemical stability. 

CdTe films on HgCdTe are stable up to almost 150°C. CdTe also provides excellent 

adhesion to metal lines and anti-reflection coatings for front-illuminated IR detectors.  

Several deposition techniques have been studied for the deposition of CdTe, like, 

evaporation, sputtering, electro-deposition, MBE, MOCVD and liquid phase epitaxy 

(LPE). The reason behind choosing MOCVD as the preferred deposition technique in 

this research work will be discussed in details later.  

2.2.6 CdS as an Alternative to CdTe 

CdS has drawn attention as a passivant for HgCdTe due to its higher mechanical and 

dielectric strength over CdTe [25]. It is also not quite affected by the atmosphere. Over 

the years, passivation of HgCdTe using anodic sulfidation has been studied [20, 25-29]. 

Nemirovsky and Burstein were among the first researchers to have highlighted the 

benefits of anodic sulfidation of HgCdTe surfaces for the purpose of passivation [29]. 

Due to the presence of intrinsic defects in CdTe, anodic sulfidation has been favoured as 

the formation of a native film moves the surface defects into the wide bandgap 

semiconductor. Though anodic sulfidation is a very convenient and advantageous 

technique, it suffers from the drawback that the stoichiometric composition of the 

deposited CdS films is not preserved and there are traces of Hg and HgS [27]. In most 

cases of anodic sulfidation, the Cd-to-S ratio is not maintained at 1. Figure 2.6 shows the 

stoichiometry of CdS passivation film deposited on HgCdTe at 40°C for 30 mins in an 

electrochemical cell consisting of Na2S solution in ethylene glycol [27]. It has been 

analysed using selected-area X-ray photoelectron spectroscopy (SAXPS).  
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Figure 2.6: Selected-area X-ray photoelectron spectroscopy depth profile showing 

poor stoichiometry of CdS deposited on HgCdTe by anodic sulfidation at 40°C for 

30 mins [27]. 

 

Thus, MOCVD or ALD are preferred for deposition of CdS passivation layers as the 

stoichiometry of the deposited films can be controlled precisely. Another major 

advantage of depositing CdS passivation films using these techniques is that Cd 

precursors readily react with hydrogen sulfide (H2S) at room temperature to produce 

CdS. This can facilitate maintaining the HgCdTe sample at a low temperature and thus 

avoid the formation of surface defects due to the movement of volatile and weakly 

bonded Hg atoms. 

2.2.7 Need for the Deposition Technique of CVD or ALD 

As discussed earlier, HgCdTe surfaces cannot be exposed to high processing 

temperatures. Passivation process needs to be carried out at a low temperature to prevent 

the depletion of mercury from the surface, as Hg is very volatile, and escape of Hg from 

the surface causes the formation of additional defects [13]. Evaporation, sputtering, and 
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MBE are essentially low temperature processes and are quite convenient for deposition 

of surface passivation films on HgCdTe, as they can inherently take care of the low 

temperature constraint. But, present day HgCdTe focal plane array (FPA) technology has 

complex device structures with high aspect ratios [30]. A schematic of a simple mesa-

etched, high aspect ratio HgCdTe IR detector is illustrated in Fig. 2.7 [13]. Evaporation 

and MBE are quite directional and do not provide any step coverage, whereas sputtering 

results in a damaged surface due to the bombardment of the surface with high energy 

atoms. Hence, CVD and ALD are the most appropriate technologies for depositing 

passivation films with good conformality and high quality surface morphology. This 

technology also yields much better interface with reduced interface state density [21].  

 

 

Figure 2.7: Schematic of a photovoltaic HgCdTe IR detector device. Mesa-etch 

performed to define the devices, gives rise to high-aspect ratio structures in modern 

IR FPAs [13]. 

 

Several deposition techniques, like e-beam evaporation and MBE have been 

explored for deposition of CdTe for passivation of HgCdTe surfaces [31, 32]. Bubulac et 

al., have reported the deposition of uniform, pin-hole free CdTe films using electron 

beam deposition at room temperature and MBE deposition at 90°C. Kim et al., deposited 
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CdTe films using e-beam at room temperature at a rate of 3 nm/min [32]. They have 

published CdTe film resistivity of ~10
11

 Ω-cm at 77K for films which are 500 nm thick. 

In spite of such good quality CdTe films being deposited at low temperatures, these 

deposition techniques lack the ability to provide good step coverage. Thus, MOCVD and 

ALD are the most sought after deposition methods for CdTe passivation of HgCdTe. 

Growth of CdTe passivation films on HgCdTe IR detectors using the method of 

MOCVD have been reported in literature, and the interface properties have been 

investigated thoroughly [33-37]. Metal-insulator-semiconductor (MIS) structures have 

been formed to test for the interface charge density. CdTe films have been grown in-situ 

(directly after the growth of HgCdTe) as well as indirectly, on previously grown 

epitaxial HgCdTe layer [36]. Both cases exhibited adequate passivation with good 

dielectric and interface properties. But, all experiments were conducted at higher 

temperatures of 350°C - 430°C, as metalorganic precursors of Cd and Te require higher 

temperatures to crack. It has been noted that HgCdTe surface is very sensitive to higher 

temperatures. Hence, a process needs to be developed wherein CdTe can be deposited by 

MOCVD at a lower temperature. The next section outlines the objectives of this work 

based on the above. 

As discussed earlier, CdS is an alluring alternative to CdTe for the purpose of 

passivation of HgCdTe. Previous surface passivation works using CdS have been 

achieved mostly by anodic sulfidation. The major drawback of this method is the non-

stoichiometry of the deposited films. Some work has been done in the field of CdS 

deposition using ALD [38]. Polycrystalline CdS has been reported to be grown using 

ALD on glass substrates. O’Brien et al., studied the growth of CdS using a novel single 

precursor source at 500°C and reported good film quality of hexagonal CdS with 

columnar microstructures [39]. As outlined in the next section, this research work 

compares the deposition rates, film quality, chemical composition and electrical 

properties of CdS films grown by MOCVD and ALD.  
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2.3 Research Objectives 

Keeping the technical background of surface passivation of HgCdTe in mind, the 

research objectives can be defined. As already discussed, CdTe and CdS are our 

materials of choice for passivation of HgCdTe IR detectors. The main challenge of using 

MOCVD or ALD as the deposition method for CdTe is that the metalorganic precursors 

of Cd and Te require around 350°C to crack. HgCdTe samples cannot be exposed to 

such high temperatures owing to the weak-bonded Hg in the lattice. Hence, development 

of a low temperature MOCVD/ALD process is required for the deposition of CdTe films 

on HgCdTe surfaces. This low temperature CVD process should provide good 

conformal coverage on high aspect ratio IR detector device structures while preventing 

the depletion of Hg from the surface. This will in turn reduce the interface defects and 

prevent loss of carriers due to recombination leading to better IR sensitivity.  

Since the metalorganic precursor of Cd and hydrogen sulfide readily react at room 

temperature, the novel low temperature process that has been developed as a part of this 

research is exclusively for CdTe. CdS on the other hand has not been deposited using 

MOCVD or ALD for the purpose of surface passivation of HgCdTe. Hence, the 

deposition process of CdS using both the methods of deposition needs to be optimized to 

have a reasonable growth rate, a stoichiometric composition and provide adequate 

conformal coverage.  
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3. EXPERIMENTAL SETUP AND CHARACTERIZATION 

TECHNIQUES 

3.1 MOCVD System 

This work uses a home-built horizontal MOCVD reactor which has been modified to 

serve the purpose of low temperature CdTe deposition. It is equipped with a fast-

switching manifold which also allows it to be used as an ALD reactor. The MOCVD 

system consists of four major components – gas handling system, the customized 

reaction chamber, exhaust system and a computer interface to operate the MOCVD 

system.  

3.1.1 Gas Handling System 

The gas handling system mainly consists of high pressure H2, N2 and H2S cylinders, a 

hydrogen purifier and the gas transport system. High pressure H2 cylinder is research-

grade gas with 99.9999% purity. It is used as the carrier gas to transport precursors to the 

reactor chamber. N2 cylinder is industrial-grade having a purity of 99.998% and is used 

to fill the reactor chamber for transfer of samples. It is also used for purging the 

hydrogen purifier before shut-down. H2S gas is used as one of the precursors for the 

deposition of CdS.  

The hydrogen purifier diffusion cell is used to produce ultra-high purity (UHP) 

hydrogen as the carrier gas. It is an HP Series cell from Johnson Matthey Inc. It uses a 

membrane made of a palladium alloy. H2 gas at the feed of the purifier dissociates into 

atoms, which give up their electrons to the palladium surface. The protons then diffuse 

through the cell and at the outlet side of the purifier they recombine with the electrons to 

form atoms and then molecules. Thus, the palladium membrane allows only H2 atoms to 

 

 

Portions of this chapter previously appeared as: S. Banerjee et al., “Surface Passivation 

of HgCdTe using Low-Pressure Chemical Vapor Deposition of CdTe,” J. Electron. 

Mater., vol. 43, no. 8, pp. 3012-3017, Aug. 2014. 

Portions of this chapter previously appeared as: S. Banerjee et al., “A Novel Method to 

Obtain Higher Deposition Rates of CdTe Using Low Temperature LPCVD for Surface 

Passivation of HgCdTe,” J. Electron. Mater., vol. 44, no. 9, pp. 3023-3029, Sep. 2015. 
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pass through, producing an extremely pure quality gas at the outlet. The impurity 

concentration at the downstream side of the purifier is hardly 1 part per billion. The 

purifier is maintained at a temperature of 375°C. Utmost care is taken while shutting off 

the system, as cooling the system in the presence of hydrogen atoms can cause the 

palladium membrane to crack. The system is purged for at least 90 mins with N2 to get 

rid of the H2 before allowing the membrane to cool. Figure 3.1 displays a schematic of 

the H2 purifier connected to the high pressure H2 and N2 cylinders.  

 

 

Figure 3.1: Piping schematic of the hydrogen purifier connected to the high 

pressure H2 and N2 cylinders. H2S cylinder is also shown in the diagram. The 

outputs #1, #2, #3, and #4 are connections to the main reactor piping shown in the 

next diagram. 
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All gas pipes used in the transport of precursors are 1/4 inch stainless steel tubes 

with VCR fitting. The gas flows are controlled with the use of pneumatic bellow-sealed 

valves and mass flow controllers (MFC). A fast-switching manifold design with 

pneumatic valves is used for precise gas flow and hence the CVD system can also be 

used as an ALD system. It can deliver the ALD reactant gases to the reaction chamber 

separately without intermixing. Figure 3.2 shows a schematic of the gas transport system 

connecting the metalorganic sources to the reactor and the pump. An actual image of the 

front panel of the gas transport system including the valves, MFC displays, pressure 

gauge displays and temperature controller display is shown in Fig. 3.3. It also shows the 

stainless steel gas pipes used to carry the precursors to the reactor chamber. 

 

 

Figure 3.2: Piping schematic of the gas transport system to the reactor and exhaust 

through the pump. 
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Figure 3.3: Image of the control panel of the gas transport system showing the valve 

switches, MFC displays, pressure gauge displays and temperature controller 

display. It also shows the stainless steel gas tubes used for designing the fast-

switching manifold for precursor transport to the reactor chamber. 

 

As seen from the schematic of the piping of gas transport system (Fig. 3.2), there are 

three bubbler cylinders containing different metalorganic sources. They are dimethyl 

cadmium (DMCd), diisopropyltelluride (DIPTe), and trimethyl gallium (TMGa). 

Chillers from Neslab are used to maintain the temperature of the DMCd and TMGa 

bubblers at ~5°C. Maintaining bubblers at low temperature helps in lowering the vapor 

pressure of the metalorganic liquids and hence helps in precise flow control at lower 

flow rates.  

3.1.2 Home-built MOCVD Reactor Chamber for Low Temperature CdTe 

Deposition 

The MOCVD system has a horizontal hot-wall reaction chamber consisting of two clam-

shell heaters, as shown in the schematic Fig. 3.4 [40]. These ceramic wall heaters have 

been bought from Thermcraft Inc., NC and are made of vitreous aluminosilicate fiber 

[41]. Figure 3.5 shows the actual MOCVD reaction chamber with the clam shell heaters. 
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The concept of clam-shell heaters is very essential to maintain the sample at a low 

temperature. The front heater which is close to the main gas inlet is maintained at a 

temperature of 600˚C to help crack the metalorganic precursors as they enter the reactor 

chamber. The susceptor carrying the sample is placed near the back heater, the 

temperature of which is varied from 20˚C to 200˚C. Using this hot wall system, the 

sample temperature could be maintained between 135˚C and 170˚C, while ensuring the 

cracking of precursors. The reaction chamber has an outer fixed quartz tube and an inner 

removable quartz insert. A mesh at the entry of the reactor chamber ensures uniform 

flow of precursors carried by the carrier gas. The susceptor has a capability of 2”×3”. 

 

 

Figure 3.4: Schematic of the custom-designed hot-wall MOCVD reactor for the 

deposition of CdTe showing the clam shell heaters [40]. 
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Figure 3.5: Image of the custom-designed hot-wall MOCVD reactor for the 

deposition of CdTe showing the clam shell heaters. 

 

3.1.3 Exhaust System 

The exhaust system is comprised of a mechanical pump from Alcatel, equipped with an 

oil filtration unit. There is a butterfly valve at the end of the reactor chamber which 

opens and closes accordingly to control the pressure in the reactor chamber. One smaller 

flow control valve at the end of the bypass line is used to maintain a negligible 

differential pressure between the reactor and the bypass line, so that while switching 

from bypass line to reactor or vice-versa there is no sudden surge of gas flow. The 

exhaust system also has a Leybold RUVAC WS151 Roots-Blower, which has been used 

to obtain reduced pressure even with the precursors flowing through the reactor. The 

roots-blower in combination with an MKS Baratron pressure switch ensures safe 

operation of the pumps. It switches off the roots-blower when the reactor pressure 

exceeds 5 Torr. Figure 3.6 exhibits the roots-blower mounted on the mechanical pump.   
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Figure 3.6: Image of the roots-blower mounted on the mechanical rough pump. 

 

3.1.4 Computer Interface to Operate the MOCVD System 

A personal computer is interfaced with the MOCVD system. This allows operation of 

the system using commands through the computer, without having to manually turn 

on/off the MFCs and open/close the valves. The programming language used for writing 

programs in the computer is PASCAL. This interfacing allows the MOCVD system to 

be operated as an ALD system as well. ALD programs are written specifying the pulse 

and purge durations of the required precursors as well as the total number of cycles.  

3.2 Further Modification of the MOCVD Reactor 

The customized hot-wall arrangement with the clam-shell heaters helped in maintaining 

the HgCdTe sample at the desired low temperature. It also produced good, uniform 

deposition of CdTe on HgCdTe with notable surface passivation. But, there was still 

ample scope of improvement in the deposition rate. Hence, the reactor chamber was 

further modified to incorporate a graphite cracker cell for increased deposition rate. 
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3.2.1 Graphite Cracker Cell to Enhance Thermal Cracking 

In order to increase the deposition rate of CdTe, a new graphite cracker cell with 

integrated diffusers has been designed and incorporated inside the hot wall reactor [42]. 

The cracker cell is made up of two pieces of graphite diffusers attached to each other by 

molybdenum screws. These diffusers enclose a cylindrical hollow space with one single 

gas feed line in the inlet side and many tiny holes (diameter - 2 mm) on the outlet side. 

The cracker cell is placed in the middle of the front heater and hence the entire cell is 

heated to a high temperature (~600°C). Schematic of the graphite cracker cell inside the 

MOCVD reactor chamber is displayed in Fig. 3.7. Precursors carried by the carrier gas 

enter the graphite diffuser maintained at high temperature and crack into elemental Cd 

and Te in the enclosed volume between the integrated graphite diffusers. They are then 

ejected as jets through the small holes on the outlet side and get deposited on the sample 

placed at the middle of the back heater. As seen in the earlier configuration, the 

precursors could only crack at the heated walls of the reactor, and a great percentage of 

them were pumped out of the system. The addition of the cracker cell solves this 

problem by increasing the heated area for cracking of the precursors. Figure 3.8 shows 

the detailed schematic of the graphite cracker cell and its principle of operation. 

 

 

Figure 3.7: Modification of MOCVD reactor design to include a graphite cracker 

cell for efficient thermal cracking [42]. 
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Figure 3.8: Schematic of the heated graphite cracker cell showing its principle of 

operation. The overall diameter of the cracker cell is 72mm to make it fit inside the 

horizontal MOCVD reaction chamber [42]. 

 

3.3 Characterization Techniques 

3.3.1 Scanning Electron Microscopy (SEM) 

CdTe and CdS passivation films have been characterized for their thickness, surface 

morphology and conformal coverage using Carl Zeiss SUPRA 55 SEM. It works on the 

principle that when a focused beam of electrons is scanned (raster pattern) over a 

sample, electrons can experience two types of scattering – elastic and inelastic scattering 

[43, 44]. In elastic scattering, there is minimum energy loss of the primary electron and 

it results in a back-scattered electron (BSE) with similar energy. In inelastic scattering, 

energy loss occurs at several scattering sites, and the secondary electrons (SE) have 

much lower energy than the primary electrons. The microscope utilizes a thermal field 

emission source. It has the ability to operate between 100 V and 30 kV. There are three 

different detectors – two of them detect SE and one detects BSE. The Inlens SE Detector 

has been used for this work. This detector detects the signal and amplitude of the 
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secondary electrons at each position of the raster and forms and image of the sample. It 

has an excellent resolution of ~2.5 nm at 1 kV and up to 1.5 nm at 15 kV. Figure 3.9 

shows the column design of the SUPRA 55 SEM [44]. The aperture selected for all 

samples in this work is the standard 30 μm one, as smaller apertures help in limiting the 

current in the non-conductive samples. A very user-friendly GUI makes the operation of 

the system easier. 

 

 

Figure 3.9: Carl Zeiss SUPRA 55 SEM column design, showing the position of the 

field emitter, detectors and lens assembly [44]. 

 

3.3.2 Ellipsometry 

Ellipsometry is a non-destructive optical analysis technique that has been used in this 

work to measure the thickness of very thin deposition of the II-VI passivation films. 

VASE Ellipsometer from J. A. Wollam Co., with highly accurate and precise results has 
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been used [45]. It works on the principle that polarized light undergoes certain change in 

the polarization when it bounces off the surface of a material. The reflected beam is 

characteristic of the surface that it reflects off and hence by analyzing it, we can obtain 

information about the material [46, 47]. The film thickness of the thin films is 

determined by the interference of the light that is transmitted through the film and that 

which is reflected off the surface. For measuring thickness of known thin films, one has 

to provide the refractive index and extinction coefficient of the material. The VASE is a 

rotating analyzer ellipsometer, as shown in Fig. 3.10 [46]. 

 

 

Figure 3.10: Schematic of a rotating analyzer ellipsometer [46]. 

 

3.3.3 Focused Ion Beam (FIB) 

FIB has been used in this work for milling through the deposited thin films up to a 

certain depth into the substrate to study the interface between the thin passivation film 

and the substrate along with the film quality. Carl Zeiss Ultra 1540 Dual Beam FIB/SEM 

system has been used for milling into the sample and acquiring images thereafter [48]. 

The dual beam system consists of a high resolution secondary electron microscope along 

with a focus ion beam. The ion source is a gallium liquid metal ion beam source. The 

system has the capability of electron beam imaging during the milling operation. The 
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high energy Ga ions bombard the sample surface and knock off atoms from the surface 

to drill a hole into the sample. The primary beam of electrons scanning the surface in a 

raster pattern produces secondary electrons, which are then collected by the detector to 

form an image. The system also has a back-scattered electron detector for gathering 

compositional information. The gas injection system handles five different gases. The 

imaging has a resolution of ~1.1 nm at 20 kV. Figure 3.11 displays the schematic of a 

dual FIB/SEM system [49]. 

 

 

Figure 3.11: Schematic of a dual FIB/SEM system showing the FIB column along 

with the primary electron beam column and back-scattered electron detector and 

camera [49]. 

 

3.3.4 Energy-dispersive X-Ray Spectroscopy (EDX) 

Both the SEM systems described have the capability of performing EDX analysis. EDX 

has been used in this work to determine the chemical composition and stoichiometry of 

the deposited thin passivation films. SUPRA 55 has a software called INCA for the 

analysis, whereas, Zeiss Ultra 1540 has a software called Aztec for the same purpose. 

Both of these software are provided by Oxford Instruments. EDX is used for 

determining the chemical composition of a material. It works on the principle that every 
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element has its own characteristic x-ray pattern [50, 51]. When a material is bombarded 

with an electron beam, x-rays are emitted from the sample along with secondary and 

back-scattered electrons. The emission of secondary electrons leaves behind holes in the 

electron orbitals. If these holes are in an inner shell, electrons from outer shells collapse 

into these holes releasing the excess energy in the form of an x-ray. These x-rays are 

emitted from a localized area of the sample which is ~1 μm
2
 in size. The depth is usually 

0.5-1 μm, depending on the density of the material as well as the accelerating voltage. 

The lines in the acquired x-ray spectrum are matched with the characteristic x-ray 

spectrum of each element to determine the chemical composition of the sample. It also 

has the capability of quantitative analysis by converting the area under each peak into 

atomic or weight percentage. One major drawback of this system is that detection of 

elements below Na in the periodic table is limited.  

3.3.5 X-Ray Photoelectron Spectroscopy (XPS) 

CdTe passivation films have been analyzed for carbon content using XPS depth 

profiling. Phi Versaprobe XPS system has been used for the characterization. It is an 

ultra-high vacuum system with a pressure as low as 10
-10

 Torr [52]. It operates on the 

principle of photo-electric effect [53]. Mono-energetic Al kα x-rays are made incident on 

the surface of the sample, which in turn emits photoelectrons from the material. 

Photoelectrons have specific kinetic energy depending on the type of material and its 

corresponding binding energy. This information along with the photoelectron peak 

intensity, provide highly sensitive information about the chemical composition, chemical 

state and quantity of each element present in the material. XPS combined with ion gun 

sputtering (argon, a noble gas is used as the primary species to prevent any reaction with 

the material) can provide information about the chemical composition of the film in hand 

along the depth. To achieve this, after every sputter cycle, XPS surface analysis data is 

recorded. The sputter rate along with the number of cycles needs to be specified based 

on the required depth of analysis. The schematic of a PHI XPS instrument with labeled 

parts is shown in Fig. 3.12 [52].  
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Figure 3.12: Schematic of a PHI XPS system detailing all the component parts [52]. 

 

3.3.6 Minority Carrier Lifetime Measurement 

Minority carrier lifetime measurements were performed using the non-destructive 

measurement technique of microwave photoconductive decay (MPCD). A custom-built 

MPCD lifetime measurement system was used for this purpose [54]. MPCD 

measurement technique is based on the principle that the semiconductor sample 

conductivity is directly proportional to the microwave reflection. A microwave signal, 

generated at 35 GHz by CW microwave generator (90 mW), is incident on the 

semiconductor sample and gets reflected from the metal plate lying underneath the 

sample. Microwave reflection is directly proportional to the conductivity of the 

semiconductor sample. A light source shines on the sample and generates excess 

minority carriers. The light source used for injecting excess minority carriers is a GaAs 

laser emitting at 890 nm, with pulse duration of 150 ns. This increases the conductivity 

of the sample, which in turn increases the microwave reflectivity. Once the excess 

carriers recombine the reflectivity signal decays down to the original value. This 

photoconductive decay is recorded by an oscilloscope and is used to extract the minority 

carrier lifetimes. A crystal detector detects the microwave reflectivity and sends the 
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signal to the oscilloscope. It displays a change in voltage with the change in microwave 

reflectivity with respect to time. As analyzed by Borrego et al. the detector voltage, VD 

decays with a time constant of τ/2, where τ is the minority carrier lifetime [54]: 

VD(t) = VD(0) exp (-2t/τ) 

A schematic of the lifetime measurement system is shown in Fig. 3.13. 

 

 

Figure 3.13: Schematic of the custom-built MPCD measurement system for 

measuring minority carrier lifetime of HgCdTe samples [54]. 

 

3.3.7 X-Ray Diffraction (XRD) 

The CdTe and CdS passivation films grown by MOCVD and ALD have been tested for 

the crystallographic orientation using XRD, a nondestructive technique used to study 

crystal structures, chemical bonding as well as their disorders. A Bruker D-8 Discover 

X-ray Diffractometer has been used to serve the purpose. Diffraction of x-rays on hitting 

a crystal lattice follows Bragg’s law of diffraction [55]. It states that when the x-ray hits 

a crystal lattice at an angle of incidence equal to θ, then it will reflect back with the same 

angle θ and when the path difference d between the crystal planes is equal to an integer 



 

 33 

multiple of the wavelength, then constructive interference occurs. The formula for 

Bragg’s diffraction is given below: 

2d.sinθ = nλ, 

where λ is the wavelength and n is an integer. An x-ray diffractometer makes use of this 

principle. The Bruker system has a tungsten filament to generate electrons, which are 

then accelerated to hit a metal target (Cu) to generate x-rays at a wavelength of 1.54 Å. 

When the incident beam angle is equal to the reflected angle, they have a path difference 

of nλ and hence, constructive interference occurs. A peak with a high intensity is formed 

at such angles. Every semiconductor material has their own characteristic peaks 

corresponding to different crystallographic orientation, depending on their lattice 

constant. Figure 3.14 shows the schematic of an XRD system along with an illustration 

of Bragg’s law.  

 

 

Figure 3.14: A simplified schematic of a typical X-ray diffractometer including an 

illustration of Bragg’s law of diffraction [56]. 

 

3.3.8 UV-Vis Spectroscopy 

UV-Vis spectroscopy is an important characterization technique in today’s 

semiconductor industry and it uses ultraviolet and visible radiation range to measure the 

bandgaps of semiconductors. This work utilizes UV-Vis spectroscopy for determining 
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the bandgap of CdS grown using MOCVD and ALD. Shimadzu UV-Vis 

spectrophotometer (UV -2450) has been used to perform the characterization. The 

principle of UV-Vis spectroscopy is very simple. It measures the attenuation of the 

electromagnetic radiation incident on a sample after it passes through it [57]. Hence, it 

measures the absorbance/transmittance corresponding to a range of wavelengths when a 

sample is illuminated. It can be quantified with the help of Beer-Lambert’s law, which 

states that the absorbance spectrum of a material is directly proportional to the thickness 

and the concentration of the material. UV-Vis absorbance spectrum can be used to 

calculate the bandgaps of semiconductors by means of Tauc plots [58]. A Tauc plot is a 

graph of (ahν)
1/n 

versus the photon energy, hν, where a is the optical absorption 

coefficient. The absorption coefficient can be calculated from the measured absorbance, 

A, and the thickness of the semiconductor thin film, t in nm using the formula:   

a = A/[log(e).t] = 2.303*A/t 

The photon energy can be calculated from the wavelength (λ) of the radiation incident on 

the sample:     

hν (in eV) = 1240/λ (in nm) 

The power factor n depends on the band-structure of the material in hand. For direct 

bandgap semiconductors (CdS is a direct bandgap semiconductor), the power factor n 

assumes a value of 0.5.  

3.3.9 Etch-Pit Density Test 

Etch-pit density test was conducted on HgCdTe samples to detect the additional stress 

induced on the HgCdTe substrate after the deposition of thin passivation films. This test 

is a wet chemical etch process which functions on the basis that the rate of etching at the 

dislocations is much faster than other defect-free areas of the semiconductor. Benson et 

al., formulated a chemical etch process, known as Benson’s etch, which tested for etch-

pits in both CdTe and HgCdTe [59]. It is a mixture of 2 g CrO3, 2.5 ml HCl, 2.5 ml HF, 

2.5 ml HNO3, and 175 ml DI water. It is recommended that the samples be cleaned in 

bromine (Br)-methanol solution prior to the etching. After etching, Nomarski optical 

microscope was used to observe the etch-pits.  
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4. GROWTH OPTIMIZATION OF CdTe BY SIMULATION OF 

MOCVD REACTOR USING ANSYS FLUENT 

Optimization of growth conditions using MOCVD become much easier and less time 

consuming, if an accurate model of the reactor can be set up and the actual environment 

during the experiments, simulated. Simulation or modelling of such reactors also 

simplifies the process of scaling-up and transition of a process from a laboratory to the 

industry. Testing conceptual studies of new designs, troubleshooting or redesigning a 

system to obtain the required results are achieved with great ease using such numerical 

modelling. Researchers have reported numerical modelling of MOCVD reactors to study 

the complex fluid dynamics inside the system [60-63]. In the past couple of decades, a 

numerical modelling software called FUENT, by ANSYS has gained popularity. Several 

interesting models have been studied using this user-friendly software based on 

computation fluid dynamics (CFD) [64-66]. In this work, FLUENT has been used to 

study and compare the uniformity of flow of reactor gases using several combinations of 

growth conditions. This provides an insight into the suitable growth conditions required 

for obtaining a uniform passivation film on HgCdTe samples. 

4.1 Physical Models used in ANSYS FLUENT 

ANSYS FLUENT is a very powerful CFD software being widely used in different 

spheres of engineering. It has broad capabilities to model laminar or turbulent fluid flow, 

energy transfer, heat transfer or chemical reactions inside any complex system. It has 

found great importance in several industries ranging from the aeronautics industry to the 

semiconductor industry, as well as in biomedical engineering. There are various physical 

and mathematical models which govern the solving of a fluid dynamics problem in 

FLUENT. The most important underlying mathematical equations are continuity and  
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mass conservation equation, and momentum conservation equation and energy 

conservation equation [68]. All these equations are briefly discussed below. 

4.1.1 Mass Conservation Equation 

The mass conservation equation is also known as continuity equation and is applicable to 

all states of matter. It states that mass can neither be created nor destroyed. In fluid 

dynamics, this principle is applied to a finite volume where the mass entering the volume 

per unit time is equal to the total of the mass leaving the volume per unit time and the 

mass gained by the volume per unit time. The equation is given by: 

 

where ρ is the density of the fluid, t is time and u is the flow velocity vector field. This 

equation can be extended to three-dimensional geometries by accounting for the flow 

velocity in x, y and z directions. This equation is applicable to incompressible as well as 

compressible flows.  

4.1.2 Momentum Conservation Equation 

The momentum conservation equation is a derivative of Newton’s second law of motion. 

In fluid dynamics, it states that the net force on the fluid element is equal to the product 

of mass of the fluid and the acceleration of the element. The forces that a fluid body 

experience comprise of body forces, as well as surface forces. Hence, the equation for 

conservation of momentum can be written as follows: 

 

In the above equation, ρ is the density, u is the velocity, T is the stress tensor (for the 

surface forces in action), and f is the body force per unit mass.  

4.1.3 Energy Conservation Equation 

The energy conservation equation needs to be considered when there is heat transfer 

involved. It is derived from the first law of thermodynamics. It states that the rate of 

change of energy inside a fluid control volume is equal to the sum of the net heat flux 
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into the volume and the total rate of work done on the fluid volume due to body and 

surface forces. The energy conservation equation is given by, 

 

In the above equation, ρ is the density, e is the energy, u is the velocity, T is the stress 

tensor, and q = - k  (T is the temperature). 

4.2 Fluid Flow Solvers in FLUENT 

As it is difficult to get an analytical solution for such complicated fluid flow system 

problems, numerical techniques need to be used. The fluid flow field is treated as a 

collection of discrete flow volumes and the basic equations discussed above are solved 

for each volume using fluid flow solvers. Flows can be modelled in 2D or 3D geometries 

and depending upon the capability of the solver being used, many types of grids can be 

generated. Grids can be triangular, tetrahedral, quadrilateral, or mixed/hybrid grids. The 

numerical methods used in FLUENT can be broadly classified into two categories – 

pressure-based solvers and density-based solvers [68]. The pressure-based approach is 

generally used for laminar flows and it solves for the momentum equations. An initial 

guess needs to be made for the pressure field at the beginning of the iterations and the 

convergence criterion is checked. Then, a modified continuity equation is used to obtain 

a pressure correction. On the other hand, density-based solvers are used for turbulent 

fluid flows. The momentum and continuity equations are solved to calculate the density 

field. These fluid flow solvers are described briefly in the following sections. 

4.2.1 Pressure-Based Solver 

The pressure-based solver uses an algorithm to solve for the pressure field by solving the 

governing equations. The algorithm can be classified as segregated or coupled based on 

its way of calculating the solution. In the segregated algorithm, the momentum and 

continuity equations are solved sequentially and the result from one is input into the 

other in every iteration, till the solution satisfies the given convergence criterion. In the 

coupled algorithm, the momentum and pressure based continuity equations are solved 
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simultaneously. This method is much faster than the segregated method, but it requires 

almost twice as much memory of the computer.  

4.2.2 Density-Based Solver 

In the density-based solver the main governing equations, namely, momentum and 

continuity equations, and if applicable energy conservation equation and species 

transport equations are all solved simultaneously. Before stating the iterations, the 

solution needs to be initialized. At the end of each iteration, the fluid properties are 

updated as per the results of the current solution. It is repeated till the solution converges 

within a specified limit.  

4.3 ANSYS Workbench Platform 

ANSYS fluid dynamics suite contains general purpose CFD programs which make the 

analysis of complicated systems quite easy and convenient [69]. ANSYS Workbench 

platform is the backbone of the CFD suite. It allows one to obtain more comprehensive 

and integrated simulation results for a fluid flow system. It is a framework which binds 

together the entire simulation process, making the flow, understanding, and interpreting 

of the process much easier. It also makes the troubleshooting for problems simpler, 

making storage of work files effortless as well. In defining a problem, one needs to use a 

designing software to design the fluid flow system. Then, the discretization of the 

problem requires meshing of the designed system. Next, the fluid flow problem must be 

set up and the solution initialized through FLUENT. After the solution has converged, it 

can be post-processed to extract the quantities/plots of interest. ANSYS Workbench is a 

link between all these programs, namely the Design Modeler, CFX Meshing, FLUENT 

CFD, CFD-Post. Figure 4.1 shows the flow of a simulation process as seen in the 

Workbench. One can navigate to any file or software from this platform. 
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Figure 4.1: ANSYS Workbench Platform at a glance. 

 

4.4 Simulation of the Horizontal MOCVD Reactor 

The internal fluid dynamics within the horizontal hot-wall MOCVD reactor used for the 

deposition of CdTe and CdS has been simulated using ANSYS Fluent 16.1. The project 

has been created in ANSYS Workbench platform, and navigations to all other software 

have been controlled through the Workbench. Readily available tutorials and user’s 

guide from ANSYS Inc., has helped in the better understanding of the software [70-72]. 

The created project in Workbench has guided us step by step through the simulation. It 

allowed us to create the geometry of our fluid flow in the Design Modeler, and then 

generate a mesh for the geometry using Meshing application, followed by setting up the 

problem and running the simulation in Fluent. Finally, the results of the simulation have 

been analysed by CFD-Post. All these steps along with the files generated in each step 

are visible in the Workbench window. The status of each step can be seen in the 

Workbench window too. Every step of the simulation has been described in greater 

detail in the following sections. 
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4.4.1 Designing the Reactor 

ANSYS Design Modeler (DM) has been used to create the geometry of the MOCVD 

reactor using 3D geometry creations. Sketches can be made in 2D planes and 3D 

operations like extrude, revolve, sweep, skin/loft, surface models, etc. can be applied to 

create a 3D geometry. On starting up DM, the length unit, in which the geometry will be 

created, needs to be specified. By default, XY, YZ and ZX planes are present when a 

new DM session is started. One can create new planes on a need basis with different 

origins orientation with respect to these existing planes. A tree outline on the left hand 

side of the window shows all the planes along with the sketches, 3D operations and 

geometries created. Each 2D sketch or 3D operation is associated with a sketching and a 

modelling tab. The modelling tab allows the user to modify the dimensions and 

properties of the object. There is status bar at the bottom of the window which displays 

instructions after completing each step. The work can be saved and one can return to 

where one left their work through Workbench at any later point of time. The GUI of DM 

is quite user-friendly and exploring the various options can help one create efficient and 

accurate geometries in no time.  

In this work two geometries have been created and drawn to scale. The first one is a 

simple geometry of hot-wall horizontal MOCVD reactor with two clam-shell heaters. 

The second geometry is a modified version of the first one – with the incorporation of 

the graphite cracker cell. As discussed in the previous chapter, the graphite cracker cell 

has been used to enhance the thermal cracking of the precursors. The DM-created 

geometry representing the MOCVD reactor is shown in Fig. 4.2(a) and (b). The 

inclusion of the graphite cracker cell and its placement inside the reactor is displayed in 

Fig. 4.3(a), whereas Fig. 4.3(b) exhibits a close-up view of the cracker cell. 
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Figure 4.2: Geometry of the hot-wall MOCVD reactor created in ANSYS Design 

Modeler (a) in 3D view, (b) in 2D view, detailing all component parts. 
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Figure 4.3: Design geometry of the graphite cracker cell - (a) inside the MOCVD 

reactor (showing its placement), and (b) an enlarged and detailed view. 

 

4.4.2 Meshing 

After the design of the geometry has been completed, meshing has been done through 

CFX Meshing software available in the ANSYS CFD suite. Meshing is done to divide 
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the entire geometry into small control volumes for the purpose of solving the simulation. 

This discretization step is very important and needs to be set up accurately. A default 

mesh is created from the geometry once the Meshing application is opened. In this work, 

we do not work with the default meshing. The meshing has been modified to fine 

meshing with smooth transitions. Several mesh refinements have also been added to the 

parts of the reactor where the flow velocity field is assumed to vary critically, like the 

reactor walls, susceptor walls, as well as the graphite cracker cell. Too many elements 

created due to fine meshing might require a very huge real-time memory space on the 

computer and the meshing operation might fail if there is not enough memory. Hence, 

the meshing needs to be optimized as per the random access memory of the computer in 

use. In this step, we also create ‘Named Selections’ by selecting faces and bodies and 

naming them. This will help in the defining of boundary conditions in the next section. 

The mesh created for our reactor is presented in Fig. 4.4 showing the fine refinements on 

the inner walls of the reactor and the susceptor walls. Figure 4.5 shows the fine mesh 

refinements on the graphite cracker cell.  

 

 

Figure 4.4: Mesh created for the horizontal MOCVD reactor using Meshing 

application available in ANSYS CFD suite. It shows mesh refinements on the 

reactor inner walls as well as the susceptor walls. 
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Figure 4.5: Mesh refinements created on the walls of the graphite cracker cell. 

 

4.4.3 Setting up the Problem in FLUENT 

The creation of mesh for the designed fluid body is followed by the defining of the 

problem in FLUENT. In the set-up section, one can define the type of solver to be used, 

the units of the various parameters that the simulation will solve for, the materials of the 

various component parts of the problem geometry, the boundary conditions, etc. In this 

work, the density-based solver has been chosen to take into account the turbulence inside 

the MOCVD reactor. The calculated Reynold’s number for the MOCVD system used in 

this work is above 2000 for higher velocities. Though traditionally, density based solver 

was used just to solve high speed turbulent flow, now it has been extended to work with 

a wide range of flows. Hence, the density-based solver has been used for all the different 

flows used in this simulation work. As mentioned earlier, the momentum and continuity 

equations are solved simultaneously using this solver. Since heat transfer is involved, the 

energy equation needs to be selected in the set-up section. This allows the simulation to 

solve for the energy equation in every iteration. Steady-state analysis has been selected 

for the simulation of the CVD reactor in this work. The realizable k-ε fluid flow model 

has been chosen with the default parameters given by the software. This model contains 
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a new formulation for turbulent viscosity, as opposed to the standard k-ε model. The 

mesh quality plays an integral part in the computation of the solution; hence the quality 

of the mesh should be checked in the set-up step, before proceeding to running the 

simulation.  

4.4.3.1 Defining the Materials 

In the set-up section, the working fluid, along with the materials of the component parts 

of the designed reactor can be defined. Hydrogen gas available in the software database 

has been designated as the working fluid in the simulation. All default parameters 

defined in the library for H2 gas has been used. The temperature of the front heater was 

set to 873K while that of the back heater was set to 423K for all simulations. The 

incoming gas density has been calculated based on the simulation pressure. Gas density 

is proportional to gas pressure assuming the volume and temperature are constant. 

Therefore, the gas density corresponding to 760 Torr (as mentioned in the software 

database) has been used to calculate the gas density at various operating pressures. Table 

4.1 lists down H2 gas densities corresponding to the different operating pressures.  

 

Table 4.1: Calculated hydrogen gas densities corresponding to different operating 

pressures in the reactor.  

System Pressure 

(in Torr) 

System Pressure 

(in Pa) 

Gas Density 

(in kg/m
3
) 

760 101325 0.0279 

2 266.64 0.00007 

6 799.93 0.0003 

100 13332.24 0.0036 

 

The reactor walls, inlet and outlet tubes, and the thermocouple tube have been 

defined to be made of quartz. The susceptor and cracker cell are made up of graphite, 

and the clam-shell wall heaters have been made of ceramic (aluminosilicate). All 

materials are not present in the software database, and hence, they had to be added 
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separately by defining their properties. The material properties of each of these 

components are detailed in Table 4.2 [73-75].  

Table 4.2: Properties of the materials comprising of the solid parts of the MOCVD 

reactor system [73-75].  

Material 

Chemical 

Formula 

Density 

(kg/m
3
) 

Specific Heat, 

Cp (J/kg-K) 

Thermal Conductivity 

(W/m-K) 

Quartz SiO2 2203 753.94 1.3 

Graphite C 1880 720 107 

Ceramic Al2O3.SiO2 2170 798 1.59 

 

4.4.3.2 Boundary Conditions 

Setting the boundary conditions is a very important aspect of the simulation. The inlet 

gas velocity, operating pressure, material and temperature of every component in the 

designed system need to be specified. The outer and inner walls of the MOCVD reactor, 

the susceptor, the cracker cell and the thermocouple were all coupled to the system for 

the heat transfer. The inlet gas velocity is calculated based on the inlet area for a given 

operating pressure and gas density. The diameter of the inlet tube is 8 mm (r = 4mm), 

hence inlet area is given by A = πr
2
 = 0.5027 cm

2
. If the flow rate, F is given in standard 

cubic cm (sccm), the inlet area, A in cm
2
 and the gas velocity, v is given in m/s, then the 

relationship between the flow rate and the inlet velocity is given as follows:  

 

4.4.4 Initialization of Solution 

The final step before running the simulation is to initialize all the variables that will be 

solved for during the simulation. The initialization values will be considered the 

beginning values for the first iteration and these values will be updated at the end of each 
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iteration. Solution initialization is done from the velocity inlet and FLUENT 

automatically updates all variables with an initial guess from the cell zone boundaries 

specified earlier. The number of iterations was varied from 100 to 500. The governing 

equations are solved simultaneously for each element in a given zone and the residuals 

recorded, after every iteration. The solutions should converge to a very low residual 

value to indicate proper calculation of the variables. Variables with scaled residual 

values between 10
-2

 and 10
-8

 are considered to be properly converged. The lower the 

residual value, the better is the convergence. Figure 4.6 exhibits the convergence of the 

scaled residual values associated with each variable after 300 and 400 iterations. 

Simulation shows better convergence after 400 iterations.  

 

 

Figure 4.6: Convergence of scaled residuals associated with the solution variables 

after 300 and 400 iterations. 400 iterations show a better convergence. None of the 

variables show any abnormal divergence. 

 

4.4.5 Results and Discussions 

4.4.5.1 Flow Study of Low Pressure CdTe Deposition 

CdTe deposition needs to be carried out at low pressures to get conformal coating on 

high aspect ratio structures in HgCdTe. Operating pressure for all simulations has been 

taken to be 2 Torr, matching the actual experiments. Different flow rates have been used 

to simulate the fluid flow field inside the reactor and compare it with the experimental 
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data. A higher pressure (100 Torr) has also been used to simulate the reactor 

environment. The calculated inlet velocities corresponding to the different flow rates and 

operating pressures is tabulated in Table 4.3. 

 

Table 4.3: Calculated inlet velocities of H2 gas for different operating pressures and 

flow rates. This set of data corresponds to CdTe deposition without any thermal 

cracking enhancement (no graphite cracker cell). 

Pressure: 2 Torr Pressure: 100 Torr 

Flow (sccm) Velocity (m/s) Flow (sccm) Velocity (m/s) 

200 25.2 

600 1.5 
600 75.6 

800 100.8 

2000 251.9 

 

 

Simulation results showed that the gas flow inside the MOCVD reactor chamber 

was the most uniform at a flow rate of 600 sccm of H2 gas. A lower flow of 200 sccm 

was simulated and it displayed very low velocity around the susceptor area. Simulated 

higher flow rate of 2000 sccm exhibited a huge amount of recirculation of gas. As 

observed experimentally, the best deposition rate and uniformity of film was obtained at 

a flow rate of 600 sccm. Figure 4.7 draws up a comparison of the 3D velocity 

streamlines at different gas flows. A 2D velocity contour at a flow rate of 600 sccm is 

displayed in Fig. 4.8. It shows a uniform and relatively high velocity field near the 

susceptor, where the sample is placed. Simulation at a higher pressure of 100 Torr with a 

flow rate of 600 sccm showed recirculation of gas. A comparison between the velocity-

streamlines at 2 Torr and 100 Torr is presented in Fig. 4.9. 
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Figure 4.7: 3D velocity streamlines of gas inside the MOCVD reactor at different 

flow rates. Most uniform gas flow obtained at 600 sccm and somewhat uniform at 

800 sccm, very non-uniform flow with a lot of recirculation obtained at a higher 

flow of 2000 sccm. 

 

Figure 4.8: 2D velocity contour inside the reactor chamber at a flow rate of 600 

sccm. It shows uniform flow near the susceptor area. 
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Figure 4.9: Comparison between the 3D velocity streamlines of gas inside the 

reactor at operating pressures of 2 Torr and 100 Torr. The inlet flow rate is 600 

sccm for both cases.  

 

4.4.5.2 Flow Study of Low Pressure CdTe Deposition using Graphite Cracker Cell 

The graphite cracker cell has been implemented to enhance the rate of thermal cracking 

of precursors. Though, in this simulation work, we have not checked for species 

transport, the presence of the graphite cracker cell actually has some effect on the gas 

flow inside the reactor. The gas flow rate into the reactor was increased progressively to 

facilitate better transport of precursors to the susceptor region. The inlet flow rate of gas 

was varied from 0.8 standard liters per minute (slm) to 4 slm. The operating pressure 

was set at 6 Torr for all simulations and experiments. Table 4.4 details the calculated 

inlet velocity for different flow rates. The velocity streamline within the graphite cracker 

cell is shown in Fig. 4.10. Simulation results showed that the uniformity of gas flow near 

the susceptor region improved as one moved to higher flow rates. However, it was found 

experimentally that deposition of CdTe at flow rates above 3 slm becomes very non-

uniform with deposition of particles instead of a film. This could be attributed to 

dislodging of previously deposited CdTe particles from the reactor tubes due to jetting 

effects caused by such high velocities. Figure 4.11 displays the improvement in 

uniformity of gas flow as the flow rate is increased progressively from 0.8 slm to 4 slm.  
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Table 4.4: Calculated inlet velocities of H2 gas corresponding to various flow rates. 

The operating pressure is set to 6 Torr. 

Pressure: 6 Torr 

Flow (sccm) Velocity (m/s) 

800 34 

1500 63 

2000 84 

2500 105 

3000 126 

4000 168 

 

 

 

Figure 4.10: Velocity streamline of gas inside the graphite cracker cell. As there is a 

lot of recirculation inside the cracker cell, higher flow rates of gas are required to 

push the gas through the 2mm holes on the outlet side of the cracker cell. 
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Figure 4.11: A comparison between the velocity contours of gas flow inside the 

reactor (having the graphite cracker cell) with increasing flow rates. As the flow 

rates increase the uniformity of gas flow near the susceptor area improves. 
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5. MOCVD OF CdTe FOR SURFACE PASSIVATION OF HgCdTe 

IR DETECTORS 

The experimental setup for low temperature MOCVD growth of CdTe has already been 

elaborately described in one of the previous chapters. The initial experiments were 

conducted in the custom-built hot-wall reactor, specially designed to maintain the 

sample at a low temperature. The experimental details along with the characterization of 

the deposited CdTe films using this setup is described in the first half of this chapter. 

With the intention of increasing the deposition rate of CdTe, a graphite cracker cell was 

designed and introduced into the MOCVD chamber. The latter part of this chapter 

describes the experimental details and characterizations performed on the CdTe films 

deposited using this modified setup. 

5.1 Deposition of CdTe at Low Temperature using Custom-built Hot-

wall Reactor 

5.1.1 Experimental Details 

Dimethylcadmium (DMCd) and diisopropyltelluride (DIPTe) were used as the 

metalorganic sources for Cd and Te, respectively. UHP H2 is used as the carrier gas. A 

total of three different sets of experiments were performed with various growth 

conditions [40]. For optimization of the growth conditions, commercial GaAs (100) and 

Si (100) substrates were used due to limited availability of Hg1-xCdxTe samples. The 

Hg1-xCdxTe samples that were used for the experiments had an x value of 0.35. These 

samples were received with a protective photoresist coating. Prior to deposition of CdTe 

passivation layer, the HgCdTe samples were rinsed successively with acetone, isopropyl 

alcohol (IPA) and methanol to remove the photoresist. Table 5.1 presents a summary of 

the three different sets of experiments performed and their associated deposition details. 

 

Portions of this chapter previously appeared as: S. Banerjee et al., “Surface Passivation 

of HgCdTe using Low-Pressure Chemical Vapor Deposition of CdTe,” J. Electron. 

Mater., vol. 43, no. 8, pp. 3012-3017, Aug. 2014. 

Portions of this chapter previously appeared as: S. Banerjee et al., “A Novel Method to 

Obtain Higher Deposition Rates of CdTe Using Low Temperature LPCVD for Surface 

Passivation of HgCdTe,” J. Electron. Mater., vol. 44, no. 9, pp. 3023-3029, Sep. 2015. 
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 The first set of experiments was conducted at a temperature as low as 135˚C. CdTe 

was deposited using LPCVD with the reactor chamber pressure maintained at 2 Torr. 

The reaction was started at a susceptor temperature of 100˚C. Eventually the temperature 

stabilized at 135˚C, with the front heater set at 600°C and the back heater shut off 

(20˚C). A good uniform film over an area of 3cm×3cm was obtained on planar test 

samples as well as on patterned HgCdTe samples.  

 In the second set of experiments the susceptor temperature was slightly elevated to 

150˚C - 170˚C with the intent of increasing the growth rate. The front heater was still 

maintained at 600°C, while the back heater was set to 150°C. The reactor pressure was 

maintained at 2 Torr. After optimization of the growth conditions, the deposition rate 

increased by a slight margin and the conformal coverage was preserved.   

 The final approach adopted for the deposition of CdTe passivation film was 

initiating thin-film growth using ALD, then increasing the deposition rate with LPCVD. 

As described in the previous chapter, the same MOCVD reactor can be used as an ALD 

reactor due to its fast switching manifold structure. ALD provides a very good 

uniformity and step coverage as it is a layer-by-layer process. But the ALD process is 

inherently slow and therefore may be considered inappropriate for the growth of 

relatively thick passivation layers exceeding ~300 nm. Therefore, 100 cycles of ALD 

growth was combined with a 3 hr LPCVD growth to deposit the desired thickness of 

CdTe film. We believe that the initial ALD growth provided a very good starting surface 

for the subsequent growth of the passivation film by LPCVD. The pulse times for Cd 

and Te precursors were set to 6 s and 3 s respectively. The flush time for Cd precursor 

was set to 6 s, but a longer flush time of 9 s was used for Te precursors. A lower 

exposure time was enough for Te precursors to maintain a 1:1 Cd-to-Te ratio. Longer 

flush time was used to prevent intermixing of the precursors, as Te vapor pressure is low 

and hence the Te desorption from the surface and tube walls takes a longer time. 
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Table 5.1: Optimized growth conditions for the three different sets of experiments 

conducted using the custom-built hot-wall MOCVD reactor. 

DMCd DIPTe

1 LPCVD 600 20 135 5 800 1.00E-04 3.20E-04  - 

2 LPCVD 600 200 170 5 605 3.00E-04 4.40E-04  - 

3 ALD+LPCVD 600 200 170 5 605 3.00E-04 4.40E-04

100 cycles

Exposure time: 

Cd-6s, Te-3s

Flush time: 

Cd-6s, Te-9s

ALD Details
Molar FractionExperiment 

Set

Sample 

Temperatur

e (˚C)

Reactor 

Pressure 

(torr)

Total H2 

Flow 

(sccm)

Front Heater 

Temperature 

(˚C)

Back Heater 

Temperature 

(˚C)

Technique 

used

 

 

5.1.2 Characterization of Deposited CdTe Films 

5.1.2.1 Deposition Rates and Conformality of CdTe Films 

SEM was used to characterize the film thickness, surface morphology and film 

uniformity of the deposited CdTe films. It was also used to test the conformal coverage 

in high aspect ratio structures on HgCdTe samples. LPCVD at a sample temperature of 

about 135˚C for 3.5 hr yielded a good uniform CdTe film of thickness ~170 nm, as 

shown in Fig. 5.1(a). As the desired thickness of passivation films is ~300 nm or greater, 

this growth rate of 40 – 50 nm/hr is quite low. SEM top view images were captured to 

study the surface morphology. Figure 5.1(b) shows a uniform CdTe film deposited on 

GaAs test substrate. 

 

 

Figure 5.1: CdTe passivation film deposited on GaAs substrate for 3.5 hr at 135˚C - 

(a) cross-sectional SEM image to show thickness (b) top view image to show surface 

morphology. 
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The deposition rate of CdTe films deposited at a slightly higher temperature of 

around 170˚C increased by a narrow margin to 60 – 70 nm/hr. This resulted in a CdTe 

passivation layer of thickness ~300 nm in a 5 hr run. Figure 5.2 shows the SEM cross-

sectional image of CdTe deposition on HgCdTe substrates with mesa diode structure. 

The thickness on the top of the structure is 300 nm whereas the thickness on the side 

walls is around 180 nm. Though there is a difference in the thicknesses on the top and 

side walls, the conformal coverage can be considered to be favorable. 

 

 

Figure 5.2: CdTe passivation layer deposited on high aspect ratio structures on 

HgCdTe substrate at 170˚C for 5 hr. The figure shows favorable conformal 

coverage on the top and side walls of the mesa diode structure. 

 

The final set of experiments which combined ALD and LPCVD was also carried out 

at a susceptor temperature of 170˚C. The reaction was started at 150˚C and eventually 

the temperature of the susceptor stabilized at 170˚C. 100 cycles of ALD yielded ~35 nm 

thick CdTe film, indicating growth of one monolayer per cycle. Fig. 5.3(a) shows a 

cross-sectional view of CdTe deposited by ALD technique. As seen from the figure the 

deposition is very uniform and pin-hole free and it provides a good starting surface for 

CdTe deposited by LPCVD technique. Figure 5.3(b) displays the total thickness (~200 

nm) of the CdTe passivation layer deposited using 100 cycles of ALD, followed by 3 hr 
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of LPCVD growth. The grain sizes were comparable for CdTe deposited using the 

various conditions, as seen from SEM top view images. One such typical image is 

shown in Fig. 3.1(b). 

 

 

Figure 5.3: Cross-sectional SEM image showing (a) deposition of 35 nm of CdTe 

after 100 cycles of ALD on GaAs substrate at a temperature of 170˚C (b) deposition 

of ~200 nm of CdTe after 100 cycles of ALD followed by 3 hr of LPCVD on GaAs 

substrate at 170˚C. 

 

5.1.2.2 Stoichiometry of CdTe Films 

CdTe passivation films were characterized using EDX, to determine the elemental 

composition of the deposited films. EDX characterization confirmed a 1:1 Cd-to-Te ratio 

on the deposited CdTe films. Figure 5.4 shows an EDX spectrum acquired on a typical 

CdTe passivation film deposited on GaAs. Table 5.2 shows the corresponding EDX 

quantitative analysis results for the displayed spectrum. Since the passivation film is 

thin, Ga and As from the substrate also show up in the EDX data.   
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Figure 5.4: EDX spectrum on a CdTe thin film deposited on GaAs test substrate. 

 

Table 5.2: EDX quantitative results showing 1:1 Cd-to-Te ratio on CdTe 

passivation film deposited on GaAs test substrate. 

Element Weight% Atomic% 

Ga  29.44  36.5  

As  29.26  33.76  

Cd  19.25  14.8  

Te  22.06  14.94  

Total  100     

 

5.1.2.3 Minority Carrier Lifetime Measurement 

HgCdTe samples passivated with CdTe at 135°C and 170°C were subjected to MPCD 

measurements to measure minority carrier lifetimes. As a standard of comparison, 

lifetime was also measured on HgCdTe samples without any passivation. The plot in 

Fig. 5.5 shows the photoconductive decays measured on HgCdTe samples passivated 
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with CdTe at different temperatures. The extracted minority carrier lifetimes from the 

slopes of the above plot are displayed in Table 5.3. There was a significant improvement 

in lifetime on the HgCdTe sample passivated with CdTe at 135˚C. The lifetime 

increased from 0.9 µs (sample without passivation) to 4.28 µs (for sample passivated at 

135˚C). It was observed that there wasn’t any significant improvement in the lifetime of 

the sample passivated with CdTe at 170˚C. The lifetime increased negligibly to 1.07 µs 

for samples passivated at 170˚C. This could be due to the depletion of mercury from the 

surface at this slightly elevated temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Microwave photoconductive decay measurements performed at 300 K 

on Hg1-xCdxTe (x=0.35) samples passivated with CdTe at 135°C and 170°C. 

 

Table 5.3: Minority carrier lifetimes on HgCdTe samples passivated with CdTe at 

135°C and 170°C, extracted from the photoconductive decay slopes. 

Sample Description Lifetime (µs) 

HgCdTe substrate without passivation layer 0.92 

HgCdTe substrate passivated with CdTe at 170˚C 1.07 

HgCdTe substrate passivated with CdTe at 135˚C 4.28 
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The minority carrier lifetimes measured using MPCD method gives the effective 

lifetimes. If the bulk lifetime, τb is known, the surface lifetime, τs can be calculated by 

the formula given below [76]: 

 

The surface recombination velocity can be further calculated from the surface lifetime 

when properties like thickness, doping concentration and resistivity of the HgCdTe 

material are known. If the surface recombination velocities on both front and back 

surfaces are considered to be the same (S), then it can be calculated from the formula: 

 

As seen from the relation above, as τeff increases, so does τs. With increase in τs, the 

surface recombination velocity decreases as they have an inversely proportional 

relationship.  

5.1.3 Challenges and Solutions 

During the growth conditions optimization process, a lot of challenges were faced. It was 

observed that the good deposition window for stoichiometric CdTe passivation films was 

very narrow. A higher Cd flow resulted in unsought Cd particles on the surface as shown 

in Fig. 5.6(a). After optimization of the Cd flow, the Te flow was varied keeping the 

optimized Cd flow constant. Too much increase in the flow of Te precursors resulted in 

Te nanorod structures as seen in Fig. 5.6(b).  

 In addition to optimizing the recipes, maintenance of the MOCVD reactor was a big 

challenge. Periodic cleaning of the inner quartz tube of the reactor chamber was 

mandatory to prevent re-deposition from the reactor walls, as well as to get rid of 

dusting. Some of the MFCs had to be calibrated to ensure precise flow of the reactant 

gases. The pressure gauge was also calibrated to read accurate pressure. 
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Figure 5.6: (a) SEM top view image showing the deposition of unsought Cd 

particles along with a thin CdTe film underneath, with higher than optimum 

DMCd flow, and (b) SEM cross-sectional image of CdTe deposited on silicon 

substrates with higher than optimum DIPTe. 

 

5.2 Deposition of CdTe at Low Temperature using Graphite Cracker 

Cell 

5.2.1 Experimental Details 

The graphite cracker cell was designed and implemented in order to increase the 

deposition rate of CdTe by efficient thermal cracking. Optimization of growth conditions 

was performed on GaAs (100) and Si (110) substrates. The Si (110) substrates were 

etched with potassium hydroxide (KOH) to pattern deep trenches, which were around 40 

μm deep and 2.5 μm wide. These trench structures on Si (110) substrate were etched as a 

part of another program involving fabrication of neutron detectors. The step coverage of 

the deposited CdTe films was tested using these samples. After optimum deposition 

conditions were established, planar and patterned HgCdTe (211) samples were 

passivated with CdTe. The Hg1-xCdxTe samples used had an x value of 0.3 (provided by 

Raytheon Vision Systems) and were grown on CdZnTe substrates using Te-rich liquid 

phase epitaxy (LPE) with nominal n-type doping of 2×10
15

 cm
-3

. Prior to deposition, 

these samples were subjected to an organic cleaning in methanol, followed by etching in 

0.4% Br:ethylene glycol and subsequently dilute HCl. As already pointed out in the 

previous section, the good growth window of CdTe at low temperature is very narrow 
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and depends on precise flow control of the precursors. Hence, a chiller was installed to 

maintain the temperature of the DMCd bubbler at 6°C for precise flow control. 

 A set of experiments was designed which varied the UHP H2 flow through the main 

gas flow line from 1.5 standard liters per minute (slm) to 3 slm in steps of 0.5 slm [42]. 

The precursor flows were kept constant at the inferred optimum values. The increase in 

H2 flow through the main line ensured better transport of the precursors to the susceptor 

region, and hence, deposition rate of CdTe increased with increase in H2 flow. Increase 

in H2 flow beyond 3 slm resulted in non-uniform films. The pressure of the reactor 

chamber was maintained between 6 and 9 Torr for all depositions. The front heater 

temperature was set to 600°C, while the back heater was shut off and maintained at 

20°C. The reactions were started when the sample temperature reached 100°C. The 

temperature of the samples stabilized at around 145°C. Table 5.4 shows the detailed 

growth conditions for the four sets of experiments carried out with different H2 flow. 

 

Table 5.4: Growth conditions of the four different sets of experiments performed 

using the graphite cracker cell. The main parameter varied here is H2 flow through 

the main line, which ensured better transportation of precursors to the susceptor 

area. 

H2 Flow through 

Main Line (slm) 

DMCd Mole 

Fraction 

DIPTe Mole 

Fraction 

Sample 

Temperature 

(°C) 

Reactor Pressure 

(Torr) 

1.5 7.9×10
-5

 1.5×10
-4

 137 5.7 

2 6.1×10
-5

 1.1×10
-4

 145 6.4 

2.5 4.9×10
-5

 9.1×10
-5

 145 8.0 

3 4.1×10
-5

 7.6×10
-5

 145 8.9 
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5.2.2 Characterization of Deposited CdTe Films 

5.2.2.1 Deposition Rates and Conformality of CdTe Film 

The deposition rates, film uniformity and conformality were characterized using SEM. 

The incorporation of the new graphite cracker cell set up increased CdTe deposition 

rates highly. The advantage of this higher growth rate of CdTe passivation layer is that it 

shortens the total deposition time for a required thickness, which will further reduce the 

exposure time of the HgCdTe sample to a higher temperature. A H2 flow of 1.5 slm 

resulted in a deposition rate of ~170 nm/hr. With the gradual increase in H2 flow, the 

deposition rate of CdTe also increased progressively. At a H2 flow of 3 slm, the 

deposition rate increased to more than 420 nm/hr at 145°C. This was a big achievement 

in terms of increasing the deposition rate. As compared to 40 – 50 nm/hr without the 

graphite cracker cell at 135°C, this deposition rate was remarkable. Figure 5.7 displays 

SEM cross-sectional images of deposited CdTe films, showing the increase in deposition 

rate of CdTe with varying H2 flow. As can be seen from the images, a very uniform film 

was obtained for all the growth conditions. The surface morphology of the deposited 

CdTe films also varied with different hydrogen flow. As illustrated by the top view SEM 

images in Fig. 5.8, the grain sizes of deposited CdTe increased from ~50 nm (with H2 

flow – 1.5 slm) to ~200 nm (with H2 flow – 3 slm). 
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Figure 5.7: SEM cross-sectional images of deposited CdTe films showing the 

increase in deposition rates with increasing H2 flow through the main line. 

 

 

Figure 5.8: SEM top-view images of deposited CdTe films showing the surface 

morphology and the difference in grain-sizes with varying H2 flow. 
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Uniform CdTe films, over an area of ~3 cm
2
, were obtained on test samples as well 

as HgCdTe samples. Thickness variation on a typical sample (0.6×0.6 cm
2
) with CdTe 

deposited on GaAs using H2 flow of 2 slm, is shown in Fig. 5.9. CdTe film thickness 

varied from 255 nm to 290 nm from the front edge to the back edge of the sample.  

 

 

Figure 5.9: SEM cross-sectional images showing the variation of thickness of 

deposited CdTe films over the width of the sample (front end being the edge nearer 

to the nozzle of gas inlet into the chamber). 

 

To test for the conformal coverage on high aspect ratio, mesa-etched HgCdTe 

samples, a H2 flow of 3 slm was used. CdTe films using the four different growth 

conditions were deposited on planar HgCdTe samples as well, to test for minority carrier 

lifetime. Though not fully conformal, adequate deposition was obtained on the bottom 

and side walls of the mesa-etched structures on HgCdTe samples. The thickness of CdTe 

film deposited in 1.25 hr (using H2 flow of 3 slm) on the top of the trench structure was 

~550 nm whereas the thickness on the side walls and bottom of the trench was ~380 nm. 

Figure 5.10 shows the conformal coverage obtained on a mesa-etched HgCdTe sample. 
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Figure 5.10: SEM cross-sectional image showing favorable conformal coverage of 

CdTe obtained on HgCdTe mesa-etched diode structures. 

 

FIB along with SEM imaging was used to image the interface between CdTe and 

HgCdTe. The interface between the two layers, as well as the surface of CdTe layer 

looks quite uniform and smooth, as seen in Fig. 5.11. The topmost platinum (Pt) layer 

has been deposited on the surface exposed to the ion beam to reduce the FIB induced 

surface artifacts caused by incident gallium ions (Ga+). The thickness of the Pt layer is 

around 1 μm. 
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Figure 5.11: SEM cross-sectional image of CdTe film deposited on HgCdTe 

showing a smooth interface and a uniform surface after FIB drilling (H2 flow: 

3slm). It displays the presence of some pinholes.  

 

5.2.2.2 Stoichiometry of CdTe Films 

The stoichiometry of CdTe passivation films was determined by EDX. EDX was 

performed on the top surface of a CdTe film deposited on GaAs test substrate. The 

acquired spectrum is displayed in Fig. 5.12 and its corresponding quantitative data is 

summarized in Table 5.5. EDX analysis was also used to determine the variation of 

elemental composition along the depth of the CdTe/HgCdTe sample prepared for FIB 

imaging. A cumulative spectrum was taken along a line extending through all the layers, 

namely, Pt, CdTe and HgCdTe. The spectrum is displayed in Fig. 5.13, showing the 

percentage by atomic weight of each element present along different depths within the 

sample. An electron image of the different layers vs. depth is shown along with the 

spectrum. Cd to Te ratio in the deposited CdTe layer is almost 1:1 (the slight variation is 

due to signal averaging over 1μm
2
 area for every sampling). Hg shows a gradual 

gradation in atomic weight percent along the interface, suggesting the formation of a 

graded junction between CdTe and HgCdTe. 
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Figure 5.12: EDX spectrum on CdTe passivation film deposited on GaAs test 

substrate. 

 

Table 5.5: EDX quantitative results of the above spectrum confirming 1:1 Cd-to-Te 

ratio. 

Element Weight% Atomic% 

Ga 4.08 6.65 

As 4.10 6.23 

Cd 43.03 43.58 

Te 48.79 43.53 

Total 100 
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Figure 5.13: EDX spectrum acquired along the depth of Pt/CdTe/HgCdTe sample 

to show the variation in elemental composition. 

 

CdTe films deposited at temperatures below 150°C might have a chance of carbon 

incorporation into the thin films, due to residual, decomposed ligands from the 

metalorganic sources. CdTe deposited on GaAs test samples were characterized using 

XPS depth profiling for analyzing the carbon content in the as-deposited thin films. 

Argon (Ar) was used for ion milling of the samples. The surface layer showed a higher 

percentage of carbon as it was exposed to the atmosphere as is the interface between the 

CdTe and HgCdTe. After the initial surface layer was removed by the ion beam, the 

carbon content reduced to around 5% of atomic weight, as can be seen from Fig. 5.14 

below. The carbon content in the deposited films can be considered to be negligible. The 

minor percentage of C displayed in the XPS spectrum falls within the sensitivity limit of 

the instrument. Cd to Te ratio is 1:1 as evident from the spectrum displayed below. 
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Figure 5.14: XPS spectrum displaying negligible carbon content in the deposited 

CdTe films. It also shows a Cd-to-Te ratio of 1:1. 

 

5.2.2.3 I-V Characteristics 

A CdTe film of ~400 nm thickness grown on semi-insulating GaAs was probed for 

measuring the current vs. voltage characteristics. Gold was evaporated thermally to form 

ohmic contacts on the insulating CdTe on four corners of a sample of area around 0.4 

cm
2
. As seen from the I-V curve in Fig. 5.15, a very low current of ~2 nA could be 

passed through the sample at a voltage of 8 V. Resistivity measurements at such low 

currents using Hall test set did not produce repeatable results due to noise level 

fluctuations.  
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Figure 5.15: I-V curve obtained on probing two Au contacts on a CdTe film ~400 

nm thick deposited on semi-insulating GaAs. As can be seen from the current level, 

the CdTe thin film seems highly resistive. 

 

5.2.2.4 Minority Carrier Lifetime Measurement 

The same custom-built MPCD system was used to measure photoconductive decay on 

the passivated HgCdTe samples. All measurements were performed at a temperature of 

77 K. The growth conditions with H2 flow of 1.5 slm (Sample # SN75), 2 slm (Sample # 

SN74), 2.5 slm (Sample # SN71) and 3 slm (Sample # SN76), were used to deposit 

CdTe passivation films on planar HgCdTe samples. Figure 5.16 exhibits the 

photoconductive decay plots of the above samples along with that of a HgCdTe sample 

without any passivation. It was observed that passivation quality of as-grown CdTe films 

with smaller grain size (SN74, SN75) was better than those with bigger grain sizes 

(SN71, SN76). Minority carrier lifetime of planar n-type HgCdTe substrates with the 

doping concentration of 2×10
15

 cm
-3

 and x value of 0.3 shown here, agrees well with the 

reported values in literature [77]. To get a statistical data, more measurements on many 

samples will be required. Patterned HgCdTe sample passivated with CdTe film 
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deposited using a H2 flow of 3 slm was also tested for minority carrier lifetime. A minor 

improvement in lifetime was obtained on the patterned sample. 

 An additional annealing step was performed on all the above at 250°C for 20 mins 

in an atmosphere of H2. A notable improvement in the lifetime was observed on all the 

samples, post annealing. The plots in Fig. 5.17 show the improvement in lifetime of 

HgCdTe samples from run# SN71, SN74, SN75, and SN76 post annealing. 

Photoconductive decay measured on a patterned HgCdTe sample before and after 

annealing is illustrated in the next plot, Fig. 5.18.  The improvement in lifetime after 

annealing can be attributed to the annealing out of defects and improvement in interface 

properties due to inter-diffusion of CdTe into HgCdTe, creating a graded junction 

between the two materials. This gradient is also responsible for smoothing out the spikes 

in the energy band. The formation of graded junction has been demonstrated in the EDX 

data in the previous section. Table 5.6 displays the extracted minority carrier lifetimes 

from the MPCD measurements on samples passivated with CdTe under various 

conditions. 
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Figure 5.16: MPCD measurements performed on planar Hg1-xCdxTe samples 

(x=0.3) passivated with CdTe with different H2 flows (SN76 – 3 slm, SN71 – 2.5 slm, 

SN74 – 2 slm, SN75 – 1.5 slm) at 77 K. 
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Figure 5.17: Photoconductive decay measurements before and after annealing on 

HgCdTe samples passivated with CdTe using H2 flow of (a) 3 slm, (b) 2.5 slm, (c) 2 

slm, and (d) 1.5 slm. 
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Figure 5.18: Photoconductive decay measured on patterned HgCdTe samples 

passivated with CdTe before and after annealing. 
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Table 5.6: Minority carrier lifetimes of planar and patterned HgCdTe samples 

passivated with CdTe using different H2 flows before and after annealing. Lifetimes 

have been extracted from the slope of the photoconductive decays measured by 

MPCD. 

Sample # Sample Description 
Annealing (250°C, 20 

mins, H2 ambient) 

Extracted Lifetime 

(µs) 

Substrate 
Planar HgCdTe substrate 

without passivation layer 
No 2.8 

SN76 

CdTe passivation film 

deposited using 3 slm H2 

flow 

No 2.9 

Yes 11.3 

SN71 

CdTe passivation film 

deposited using 2.5 slm 

H2 flow 

No 2.0 

Yes 5.6 

SN74 

CdTe passivation film 

deposited using 2 slm H2 

flow 

No 5.2 

Yes 8.2 

SN75 

CdTe passivation film 

deposited using 1.5 slm 

H2 flow 

No 3.9 

Yes 9.1 

Substrate 

Patterned HgCdTe 

substrate without 

passivation layer 

No 0.67 

SN76 

CdTe passivation film 

deposited using 3 slm H2 

flow on patterned 

HgCdTe sample 

No 1 

Yes 2.34 

 

 

5.2.2.5 Dislocation Etch-pit Density Test 

Etch pit density (EPD) tests were conducted on HgCdTe samples with CdTe deposition 

to test for any dislocations induced by the stresses of the deposited thin film. HgCdTe 

samples with CdTe films deposited using the graphite cracker cell, were only subjected 

to EPD tests. Benson etch was used as the etching solution. Two planar HgCdTe 

samples, one without any CdTe deposition and the other with CdTe deposition using 

LPCVD were used for the EPD test. Both samples were cleaned in 0.1% Br:Methanol 
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solution before etching (10 s). The etching was performed for 60 s. After etching, etch 

pits were observed using Nomarski microscope. Etch pit density for both samples were 

similar (~2.65×10
5
 cm

-2
), as shown in Fig. 5.19. It indicates no additional stress was 

induced in HgCdTe due to thin film deposition. But, we cannot certainly state that based 

on the results obtained on just one sample. We were unable to perform EPD tests on 

more of such samples for statistical analysis due to limited availability of HgCdTe 

samples. 

 

 

Figure 5.19: Optical microscope (Nomarski) images showing the etch pits formed 

after Benson etch on (a) a planar HgCdTe sample without any CdTe deposition, (b) 

a planar HgCdTe sample with CdTe deposition using LPCVD. 

 

5.2.2.6 X-ray Diffraction 

XRD data was acquired on GaAs (100) test samples with CdTe passivation film. All 

CdTe films deposited at a temperature of ~145°C using various H2 flow through the 

main line have been confirmed to be polycrystalline.  Since, the CdTe films were less 

than 500 nm in thickness, the intensity of the various CdTe polycrystalline peaks are not 

very high. Figure 5.20 is a typical XRD spectrum acquired on a CdTe film of thickness 

~420 nm. The substrate is miscut by 2° and the XRD spectrum above has not been 

optimized as per the substrate (aligned with the substrate), hence we see a very low 

intensity peak of GaAs (400) at 66.06°. Aligning the sample as per the substrate makes 

the CdTe peaks insignificant and hard to detect. It should be noted from prior studies 
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that for surface passivation, polycrystalline films are found to be as good as single 

crystalline films. 

 

Figure 5.20: XRD spectrum confirming CdTe deposited on GaAs (100) test 

substrate to be polycrystalline. 

 

5.2.3 Challenges and Solutions 

One of the major challenges faced during the optimization of growth conditions was re-

deposition of CdTe from the reactor walls, especially when the pressure was increased 

with the increase in the hydrogen flow. This resulted in CdTe particles on a non-uniform 

film, as exhibited in Fig. 5.21. This problem can be reduced by maintaining a constant 

low pressure irrespective of the hydrogen flow. In our case, we reduced this problem by 

installing a roots blower pump along with the rough pump, which helped in maintaining 

a relatively low chamber pressure. 
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Figure 5.21: Non-uniform CdTe films with CdTe particles re-deposited from the 

reactor walls. 
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6. MOCVD AND ALD OF CdS: A COMPARATIVE STUDY 

As previously discussed, CdS is the best alternative to CdTe as a surface passivant for 

HgCdTe IR detectors. This material has the advantage of growth at room temperature, 

and hence the low temperature constraint of HgCdTe can be easily taken care of. Two 

different deposition techniques, namely MOCVD and ALD, have been used for the 

growth of CdS. Both of these techniques have the advantage of uniform deposition with 

good conformal coverage and great stoichiometry. Since ALD is a layer-by-layer 

process, it results in much more uniform films over a large area, but it has the drawback 

of a very slow rate of deposition. MOCVD, on the other hand, results in a relatively 

uniform deposition at a much higher deposition rate. CdS films deposited using both of 

these methods have been characterized and compared. This chapter provides a detailed 

account of the same.  

6.1 Experimental Details 

DMCd and hydrogen sulfide (H2S) gas were used as the precursors for the deposition of 

CdS. UHP H2, produced by the hydrogen purifier discussed earlier, was used as the 

carrier gas. DMCd bubbler was maintained at a temperature of 6°C. Commercial GaAs 

(100), Si (110) trench structures and glass were used as the substrates for all 

experiments. Si (110) wafers patterned with deep trenches of high aspect ratios for a 

different program which involves fabrication of neutron detectors, were used to test for 

the conformal coverage of the deposited CdS films. Trench structures with aspect ratios 

of 2.5 and 13 were used. The GaAs substrates were subjected to an organic clean 

followed by a dilute-HCl etch (30 s) prior to deposition. Si substrates, on the other hand, 

were etched for 30 s in dilute-HF.  

6.1.1 CdS Deposition using MOCVD 

Initial experiments were conducted to optimize the growth conditions, mostly the flow of 

precursors, for the deposition of stoichiometric CdS films. The flow of DMCd was fixed 

at 30 sccm while that of H2S at 180 sccm. After optimization, other parameters of 

growth were varied to see the variation in deposition of CdS. The growth temperature for 

most of the runs was maintained at room temperature (25°C), while the pressure of the 
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reactor chamber was maintained at 5 Torr. One set of experiments consisted of changing 

the total H2 flow through the main gas line into the reactor from 0.4 slm to 2 slm. A 

couple of experiments were conducted with a slightly elevated temperature of 85°C. Yet 

another experiment was carried out at a higher pressure of 50 Torr. All the different 

growth conditions along with the thickness and quality of deposition obtained have been 

summarized in Table 6.1. It was observed that at a higher temperature or higher pressure, 

there was no significant deposition. This can be attributed to the fact that at high 

temperature/pressure, the extremely reactive DMCd and H2S precursors react near the 

front edge of the reactor chamber and get deposited on the walls even before reaching 

the susceptor region. H2 flow (through the main line) varied from 0.4 slm to 1.5 slm 

resulted in good deposition rates. Further increase in H2 flow resulted in non-uniform 

films. 

 

Table 6.1: Optimized growth conditions used for the deposition of CdS using 

MOCVD as the deposition technique. The thickness of films obtained in each case is 

displayed in the comments column. 

 

 

Experime

nt Set 

Reactor 

Pressure 

(Torr) 

Sample 

Temperatur

e (°C) 

Total H2 

Flow 

(sccm) 

Molar Fraction 

Comments 
DMCd H2S 

1 5 25 400 7.40E-04 0.277 

Good uniform 

deposition ~ 270-

300 nm 

2 5 25 1000 3.80E-04 0.144 

3 5 25 1500 2.70E-04 0.103 

4 5 25 2000 2.10E-04 0.08 
Non-uniform 

deposition 

5 50 25 1000 3.80E-04 0.144 
Very thin 

deposition ~35 nm 

6 5 85 1000 3.80E-04 0.144 
Almost no 

deposition 



 

 80 

6.1.2 CdS Deposition using ALD 

ALD is a deposition technique in which the precursors are sent to the reactor separately, 

preventing them from intermixing, unlike MOCVD, where the precursors are sent 

together into the reactor chamber. One precursor is sent into the chamber for a short time 

and a monolayer is formed on the substrate surface. It is followed by a purge time, which 

allows the left over precursors to be pumped out of the chamber before the next 

precursor is let in. This layer-by-layer deposition results in excellent uniformity and 

conformality of the deposited material. The surface reactions which lead to the 

deposition of CdS using ALD technique has been investigated in literature [78]. The 

following half reactions have been suggested to take place during the ALD of CdS: 

DMCd Pulse: 

SH*(s) + Cd(CH3)2(g) ⇁ S-Cd-CH3*(s) + CH4(g) 

H2S Pulse: 

S-Cd-CH3*(s) + H2S(g) ⇁ S-Cd-SH*(s) + CH4(g), 

where “*” denotes surface species. 

Preliminary optimization of the ALD runs consisted of determining the most 

favorable pulse and purge times in the ALD cycle, along with the flows of precursors. 

ALD depositions were carried out at three different temperatures of 25°C, 85°C and 

130°C. While all ALD experiments were conducted at a low reactor chamber pressure of 

5 Torr, a higher pressure run was also performed at 50 Torr. The optimized DMCd and 

H2S pulses were of 3 s duration each, whereas the purge durations for both were 

maintained at 6 s. A total of 200 cycles were used which amounted to a run-time of 1 hr 

for all experiments. DMCd and H2S flow rates were same as the MOCVD experiments, 

while H2 flow through the main gas line was fixed at 1 slm. Table 6.2 displays a 

summary of all the growth conditions of the ALD experiments. The thickness of CdS 

films obtained for each set of conditions is specified in the ‘Comments’ column. It was 

observed that while deposition at 85°C resulted in a monolayer of deposition per cycle, 

deposition at room temperature or temperatures higher than 85°C resulted in sub-

monolayer per cycle. Deposition at a higher pressure also produced a very thin 
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deposition. At higher pressures, there is probably intermixing of the precursors and most 

of the deposition occurs in the reactor walls before even reaching the susceptor area. 

This can be avoided and a monolayer of growth obtained if the purge cycles are 

increased to pump out the remaining precursors from the previous cycle. The deposition 

temperature of 130°C is outside the ALD temperature window for this process, as a very 

poor deposition rate is obtained at this temperature. At room temperature, growth up to a 

monolayer may be obtained by increasing the pulse cycles for the precursors, allowing 

ample time for the precursors to form a layer on the substrate. For this growth, where 

there is much reaction between the precursors, ALD is ideally suited. ALD is best when 

the precursors are not reacting when alone but react quickly when mixed together.  

 

Table 6.2: Optimized growth conditions used for the deposition of CdS using ALD 

as the deposition technique.  

Experi

ment 

Set 

React

or 

Pressu

re 

(Torr) 

Sample 

Temper

a-ture 

(°C) 

Total 

H2 

Flow 

(sccm) 

Molar Fraction 
ALD Details  

(200 cycles) 

Comments 

DMCd H2S 

Pulse 

time in s 

(DMCd 

and H2S) 

Purge 

time in s 

(DMCd 

and H2S) 

1 5 25 1000 
3.80 

E-04 
0.144 3 6 

Sub-

monolayer 

deposition 

~55 nm 

2 5 85 1000 
3.80 

E-04 
0.144 3 6 

Very uniform 

deposition 

~70 nm (one 

mono layer) 

3 5 130 1000 
3.80 

E-04 
0.144 3 6 

Very thin 

deposition 

~26 nm 

4 50 85 1000 
3.80 

E-04 
0.144 3 6 

Very thin 

deposition 

~30 nm 

 

 

6.2 Comparison of CdS Films Deposited using MOCVD and ALD 

CdS films deposited using MOCVD and ALD have been characterized for deposition 

rates, surface morphology, conformal coverage, stoichiometry, bandgap, resistivity and 
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crystal quality. The details of the characterizations are described in the following 

sections. It has been observed that MOCVD-grown CdS is a better choice for passivation 

of small-sized HgCdTe substrates. If a greater uniformity is required over a larger area 

(for a large-area sample), ALD is the technique to be used.  

6.2.1 Deposition Rates, Surface Morphology and Uniformity 

Samples with CdS deposition using CVD and ALD were both characterized for 

thickness, film uniformity and surface morphology using SEM. Figure 6.1 shows the 

cross-sectional SEM images of CdS films deposited on GaAs (100) substrates using both 

ALD and MOCVD as deposition techniques. As seen from the images, 1 hr ALD 

deposition at 85°C resulted in a film thickness of around 70 nm. This implies that the 

deposition rate was almost one monolayer per cycle. CdS films deposited using 

MOCVD had a much higher deposition rate of ~280 nm/hr at room temperature. Top-

view SEM images of the deposited CdS films, displayed in Fig. 6.2, showed grainy 

deposition. The grain sizes of the ALD films were comparatively smaller than those of 

the CVD-deposited films. The films deposited were very uniform. Film thickness varied 

by ~10 nm across a sample area of 2cm×2cm for CVD deposition. Films deposited using 

ALD were more uniform with a minor variation of less than 5nm over an area of 

2cm×2cm. 

 

 

Figure 6.1: SEM cross-sectional images of CdS films deposited on commercial 

GaAs (100) substrates using deposition techniques of MOCVD and ALD. 

Deposition rate using MOCVD is much higher as compared to that using ALD. 
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Figure 6.2: SEM top-view images of CdS films deposited on commercial GaAs (100) 

substrates showing grainy surface morphology for both ALD and CVD deposited 

films. 

 

The interface of CdS with GaAs and the quality of the films have been further 

studied using FIB drilling along with SEM imaging. The interface between the two 

layers, as well as the surface of CdS layer looks quite uniform and smooth, as seen in 

Fig. 6.3. The topmost platinum (Pt) layer has been deposited on the surface exposed to 

the ion beam to reduce the FIB induced surface artifacts caused by incident gallium ions 

(Ga+). The thickness of the Pt layer is around 1 μm. 

 

 

Figure 6.3:  SEM cross-sectional image of CdS film deposited on GaAs showing a 

smooth interface and a uniform surface after FIB drilling (a) using MOCVD, and 

(b) using ALD.  
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6.2.2 Conformal Coverage 

HgCdTe IR FPAs have complicated structures with high aspect ratios. Hence, attaining a 

good conformal coverage is one of the basic requirements of HgCdTe passivation. 

Conformal coverage obtained on Si trench structures by ALD and CVD were 

comparable. It was characterized by SEM images. A few of the trench structures on Si 

wafers had an aspect ratio of 13 (Depth of trench: 40 μm; width of trench: 3 μm), 

whereas others had an aspect ratio of 2.5 (Depth of trench: 30 μm; width of trench: 12 

μm). Figure 6.4(a) illustrates an excellent conformality of CdS films (~71%) obtained by 

MOCVD. Slightly better conformal coverage was achieved by ALD of CdS films 

(~75%), as shown in Fig. 6.4(b). 

 

 

Figure 6.4: CdS films deposited on Si (110) trench structures showing excellent 

conformal coverage using (a) MOCVD as the deposition technique (~71%), and (b) 

ALD as the deposition technique (~75%). 

 

6.2.3 Stoichiometry of Deposited CdS Films 

The stoichiometry of the films was determined by performing EDX on the deposited 

CdS films. Cd-to-S ratio of 1:1 was maintained in all ALD and CVD deposited CdS 

films, after optimization of the growth conditions. A typical EDX spectrum is displayed 
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in Fig. 6.5 showing Cd and S peaks as well as Ga and As peaks from the underlying 

substrate. Ga and As peaks show up in the data as the deposited CdS film is very thin. 

Table 6.3 presents the corresponding quantitative results of the acquired spectrum with 

detailed atomic percentages of each element. 

 

 

Figure 6.5: Typical EDX spectrum showing Cd and S peaks. Ga and As peaks from 

the substrates show up in the spectrum as the CdS film is quite thin. 

 

Table 6.3: Corresponding EDX quantitative analysis data of deposited CdS films 

showing Cd-to-S ratio of 1:1. 

Element Weight% Atomic% 

Ga 28.95 30.06 

As 27.53 26.60 

Cd 34.03 21.92 

S 9.49 21.42 

Total 100 
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6.2.4 Band-gap Determination 

The bandgap of the deposited CdS films have been determined using UV-Vis 

spectroscopy. Bandgap determination is important to assess the efficiency of the 

passivation layer to act as a potent minority carrier reflector. UV-Vis absorbance 

spectrum can be used to calculate the bandgaps of semiconductors by means of Tauc 

plots. CdS films were grown on glass substrates for the purpose of measuring the 

bandgap. An absorbance spectrum was acquired on 280 nm CdS film deposited on glass 

by CVD. Tauc plot of the spectrum determined the bandgap to be 2.39 eV, as seen from 

Fig. 6.6(a). The Tauc plot obtained from the absorbance spectrum on a 170 nm thick 

CdS film grown using ALD is shown in Fig. 6.6(b). The bandgap has been determined to 

be 2.4 eV from the extrapolation of the straight-line portion of the curve to zero 

absorption coefficient value.  
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Figure 6.6: Tauc plot determined from the absorbance spectra obtained on CdS 

films deposited on glass by (a) CVD, (b) ALD. 

 

6.2.5 I-V Characterization 

CdS films deposited by ALD and CVD on glass substrates were used for measuring the 

current vs. voltage characteristics. The glass substrate was scribed with a diamond 

scriber to form isolated devices of different lengths. Six devices were isolated on two 

(a) (b) 
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glass samples – one with CdS film deposited using MOCVD and the other using ALD. 

Indium pieces were used to form ohmic contacts on two opposite edges of each device. 

The thickness of ALD-deposited CdS film was 175 nm, and that of the CVD-deposited 

film was 280 nm. All three devices on the sample having CdS deposited on glass 

substrate using MOCVD with different lengths and areas gave consistent results for 

resistivity measurements. The resistivity measured was around 200 Ω-cm, whereas, the 

resistivity measured on the devices on ALD-deposited CdS films was two orders higher - 

~3×10
4
 Ω-cm. Hence, ALD-deposited CdS films showed much better passivating 

quality. Figure 6.7 presents the I-V curve measured on two samples having CdS 

deposition using ALD and CVD.  
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Figure 6.7: I-V characteristics obtained on ALD and CVD deposited CdS films on 

semi-insulating GaAs (100). Resistivity measured on the CVD deposited film (~ 200 

Ω-cm) is two orders lower than that of ALD deposited film (3×10
4
 Ω-cm). 
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6.2.6 X-Ray Diffraction 

XRD measurements were performed on CdS films deposited on GaAs (100) using the 

two different growth techniques, namely ALD and CVD. From the preliminary XRD 

data, it is seen that there are CdS grains present which are oriented along the substrate 

out of plane direction. Pole-figure studies need to be conducted to ascertain the 

deposition of single-crystalline CdS. CdS peak intensities were quite low as the 

deposited films were thin. Figure 6.8 shows the XRD spectra obtained on GaAs 

substrates with CdS films deposited on them using both deposition techniques. 

 

 

Figure 6.8: XRD pattern obtained on CdS films grown on GaAs (100) by (a) CVD, 

(b) ALD.  
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7. CONCLUSIONS AND FUTURE WORK 

7.1 Accomplishments 

Significant progress has been made in the research area of passivation of HgCdTe IR 

detectors using CdTe. A successful MOCVD design modification has been implemented 

to develop a process for the deposition of CdTe at a low temperature (below 150°C). 

Though initially, uniform and conformal CdTe passivation films were obtained using 

LPCVD, the deposition rate was relatively slow and depositing passivation films of 

thickness ~500 nm would require a long time. Significant improvement in minority 

carrier lifetime of HgCdTe substrates with CdTe passivation at 135°C was another 

achievement in the earlier phase of this work.  

There was considerable room for improvement in the deposition rates of CdTe at 

such low temperatures. Hence, a graphite cracker cell was designed for the purpose of 

more efficient thermal cracking. With the utilization of the cracker cell, deposition rates 

were increased to ~420 nm/hr, as compared to the earlier obtained deposition rates of 40-

50 nm/hr. The sample temperature was maintained below 150°C through all 

experiments. The conformal coverage obtained on mesa-etched HgCdTe structures was 

adequately good. Interface between CdTe and HgCdTe was quite smooth and uniform, 

as seen by FIB imaging. Minority carrier lifetime of HgCdTe sampled improved after 

passivation with CdTe films. These samples were subjected to an extra step of annealing 

at 250°C for 20 mins in an ambience of H2 which increased the minority carrier lifetimes 

remarkably. Preliminary studies of the interface using FIB and EDX spectroscopy 

indicate the formation of a graded junction. 

The MOCVD reactor used in his work has also been simulated to study the fluid 

flow inside the reactor. The preliminary flow studies for CdTe deposition matched the 

experimental results quite well. A better explanation can be provided in support of the 

experimental data as we can now visualize the internal environment of the reactor 

through the simulation software. 

A comparative study of CdS deposition using MOCVD and ALD has also been 

conducted as a part of this research. MOCVD of CdS at room temperature exhibited a 

much higher deposition rate of ~300nm/hr as compared to rate of ALD of CdS (~70 
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nm/hr). Both the deposition techniques displayed very good conformal coverage on high 

aspect ratio Si trench structures. First order resistivity measured on MOCVD-deposited 

CdS films was ~200 Ω-cm, whereas that on ALD-deposited CdS films was ~3×10
4
 Ω-

cm Hence, ALD would be the preferred method of deposition of passivation films as the 

resistivity of such films are much higher (an essential quality of passivation films). Also,  

ALD provides excellent uniformity over larger areas. In this work, uniformity over a 

sample area of 2cm×2cm has been studied and CVD results are quite satisfying. If the 

requirement is for a sample of greater dimensions, ALD should be the preferred 

technique.  

7.2 Suggestions for Future Work 

MIS structures can be made on HgCdTe substrates using CdTe as the insulator and gold 

as the metal contact, to record the capacitance-voltage characteristics and calculate the 

fixed and interface charge densities. This will give a better insight into the passivation 

quality of CdTe on HgCdTe. The CdTe/HgCdTe interface properties can be further 

studied by secondary ion mass spectrometry (SIMS).  

CdS deposited on GaAs, Si and glass substrates has shown promising results for 

deposition as a passivation film on HgCdTe mesa structures. CdS can be deposited on 

HgCdTe substrates to study the passivation quality. Minority carrier lifetime 

measurements as well as C-V characteristics should be measured to assess the quality of 

passivation. 

The MOCVD reactor simulation work using ANSYS FLUENT can be further 

expanded. An identical MOCVD reactor with larger dimensions can be simulated for the 

purpose of scaling up. FLUENT also allows solving for species transport in a CVD 

reactor. Hence, the species transport inside the reactor chamber can also be studied.  
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8. ADDITONAL WORK 

This chapter consists of some additional work done on surface passivation of another 

photovoltaic device - a novel double heterostructure solar cell. This novel structure uses 

a thin p-type Si bulk wafer (~200μm) as the absorbing layer with double hetero-

junctions on both sides of the Si wafer using p-type zinc telluride (ZnTe) and n-type zinc 

selenide (ZnSe). The higher bandgap semiconductors on both sides of the Si wafer are to 

serve the purpose of passivating both sides of the absorbing layer to improve the 

collection probability of light-generated carriers. Preliminary work showed a remarkable 

improvement in the minority carrier lifetime of Si light absorbing layer after passivation 

with a thin layer of ZnTe. 

8.1 Overview 

Development of alternate renewable energy sources has gained immense importance due 

to the pressing issues of global warming and near depletion of fossil fuels. Solar energy 

has tremendous potential and the past few decades have seen rapid development in solar 

technology. Si was one of the first materials to have gained attention in fabricating solar 

cells due to its availability. Chaplin et al. reported the fabrication of the first modern Si 

solar cell with an efficiency of 6% [79]. Since then, researchers have worked on 

developing new structures of solar cells, improving and optimizing the processing 

techniques and exploring new materials with the aim of increasing the overall efficiency 

of solar cells and making it cost effective. Figure 8.1 shows the record cell efficiencies 

of various types of solar cells developed over the last few decades [80].  

Crystalline Si (c-Si) solar cells display high solar conversion efficiency, but the 

fabrication process is complicated involving high temperature diffusion, oxidation and 

passivation. Due to high processing temperatures and high quality requirement for Si, 

the production cost of c-Si solar cells is quite high. The highest reported efficiency of 

such solar cells till date is 25% as reported by Zhao et al. [81] and also displayed in the 

efficiency chart in Fig. 8.1. To overcome the cost problem and tackle the ever-increasing 

demand of Si material, several different structures of solar cells have been studied. HIT 

Si solar cell is one of such structures which has seen very rapid progress in terms of 

efficiency and cost effectiveness.  
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Figure 8.1: Record cell efficiencies of solar cells made of various materials and 

having different structures, as reported by NREL [80]. 

 

8.2 HIT Si Solar Cell Structure 

Research on HIT solar cells has been carried out by Sanyo Electric Company since 1990. 

The first reported HIT solar cell had an efficiency of 18% [82] and since then over the 

last two decades, the efficiency has improved to 25.6%, with a 50% reduction in Si 

wafer thickness [83]. A HIT solar cell utilizes a heterostructure between thin c-Si wafers 

(<100 μm) and very thin amorphous Si (a-Si) layers (~10 nm) [84]. Fig. 8.2 shows the 

structure of a modern HIT solar cell. Most of the volume of the HIT solar cell is 

essentially c-Si wafer. Since no high temperature processes like diffusion, oxidation, etc. 

are involved, HIT solar cells can be processed at a very low temperature of around 

200
o
C, which reduces the cost of solar modules. Also between the a-Si and c-Si layer, 

there is a very thin layer of intrinsic amorphous silicon (i/a-Si), which plays a key role 

for high efficiency by improving the interface properties and leading to much less 

electron loss than the conventional c-Si solar cell. In addition, the top and bottom of the 
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HIT solar cell are covered with anti-reflective transparent conductive oxide (TCO) layers 

and metal grid electrodes. 

 

Figure 8.2: Modern heterojunction with intrinsic thin-layer (HIT) solar cell 

structure developed by Sanyo [84]. 

 

8.3 Principle of Operation of HIT Solar Cells and Associated 

Advantages 

The basic principle of operation of a HIT solar cell is similar to that of a conventional 

solar cell. Light is absorbed by the semiconductor lattice and it produces electron-hole 

pairs [85]. The generated carriers diffuse through the material towards the p-n junction 

and are swept across the junction due to the electric field present in the depletion region. 

The carriers are then collected by an external circuit producing a voltage, and hence 

electric power. The HIT solar cell has some unique characteristics that help in the further 

improvement of efficiency. A comparison of the structures of a conventional c-Si solar 

cell and HIT solar cell is illustrated in Fig. 8.3 [86].  

 

 

Figure 8.3: Comparison of the conventional c-Si solar cell and the HIT solar cell 

structures [86]. 
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The biggest advantage of a HIT solar cell is the heterostructure formed between a-Si 

and c-Si. The band-gap of a-Si is around 1.7 eV at 300 K, whereas that of c-Si is 1.12 

eV. The electron affinities of both are also different, giving rise to band discontinuities, 

also called band offset, at the conduction and valence band edges [82, 87, and 88]. 

Figure 8.4(a) depicts the band diagram of a HIT solar cell structure detailing the band 

offsets formed due to the different bandgaps and electron affinities [87]. Due to the band 

offset, both hetero-interfaces act as minority carrier reflectors, which can reduce the 

recombination of minority carriers. On the other hand, the barriers have little effect on 

the majority carriers which can travel through the narrow barrier peaks by thermionic 

emission as well as the tunneling mechanism as the a-Si layers are heavily doped. 

Therefore, the carrier transport is enhanced with the heterojunction design.  

Recent HIT solar cell structures have an additional intrinsic a-Si layer sandwiched 

between the doped a-Si layer and c-Si wafer. Introduction of this high-quality thin 

intrinsic a-Si layer further passivates the surface dangling bonds of c-Si and reduces the 

surface recombination. Thus the conversion efficiency is improved with more carriers 

moving into the external circuit. Other techniques for boosting the conversion efficiency 

are shown in Fig. 8.4(b), such as optimizing the grid electrode to increase light 

absorption and reduce resistance loss, improving the wafer quality to decrease the carrier 

recombination, improving the electrical and the optical properties of TCO so that more 

light can be absorbed and more carriers can be utilized for current conducting [84]. 

 

 

Figure 8.4: (a) Energy band diagram of the HIT solar cell showing band offsets 

[87]; (b) Approaches for achieving higher conversion efficiency in the HIT solar cell 

[84]. 
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8.4 Need for Developing an Alternate Solar Cell Structure 

An alternate novel solar cell structure has been proposed and studied as a part of this 

research by Dr. Zhang of Arizona State University [89]. This novel solar cell structure 

will include two II-VI semiconductor layers (n-type zinc selenide, ZnSe or zinc sulfide, 

ZnS and p-type ZnTe) on both sides of a thin c-Si wafer to form a double-heterostructure 

to replace the top and bottom multilayer structures (TCO/doped a-Si/intrinsic a-Si) of the 

HIT solar cell. The main motivation behind this alternate approach is cost-driven. The 

replacement of the TCO (like indium tin oxide – ITO) layers with II-VI materials 

reduces the cost of production. Besides, the optical loss in the a-Si layers is reduced as 

the II-VI layers have wider bandgaps. Amorphous Si is subjected to light-induced 

degradation after hydrogen passivation (a-Si:H), which reduces the cell conversion 

efficiency over the years [90]. The use of II-VI materials assures a long-term stability 

and overcomes the problem of cell degradation. The novel double heterostructure solar 

cell will be discussed in detail in the following chapter.   

8.5 Si/II-VI Double Heterostructure Solar Cell 

As outlined earlier, the novel structure of solar cell proposed in this research utilizes two 

II-VI semiconductor layers on either sides of a c-Si wafer to form a double 

heterostructure. This design is aimed at boosting the efficiency, while reducing the 

thickness of c-Si. The II-VI layers will be n-type ZnSe or ZnS and p-type ZnTe due to 

their ease of doping. Figure 8.5 shows a schematic of the proposed solar cell structure 

[91]. It is easy to form ohmic contacts directly to the II-VI semiconductor layers and 

hence we can totally avoid the use of TCO, reducing the overall production cost.  
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Figure 8.5: Schematic of the proposed novel double heterostructure Si/II-VI solar 

cell with ZnSe as the n-layer and ZnTe as the p-layer grown on either side of 

lightly-doped p-type c-Si [91]. 

 

8.5.1 Solar Cell Parameters 

At this point, it is necessary to describe a few parameters which are used to characterize 

the performance of a solar cell. The most important parameters are the short-circuit 

current (ISC), open-circuit voltage (VOC), fill factor (FF) and efficiency (η) of the solar 

cell [85, 92]. All of these can be determined from the I-V curve of an illuminated solar 

cell, as shown in Fig. 8.6. 

 

Figure 8.6: I-V curve of a solar cell displaying the important parameters used to 

characterize the solar cell [93]. 
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Short-circuit Current (ISC):  

When the solar cell is short circuited, i.e. the front and the back contacts connected by a 

wire, the voltage across the solar cell is zero. The current flowing through the circuit in 

such a condition is known as the short circuit current. ISC is due to the generation of 

excess carriers by sunlight and it is the largest current that can be drawn from the cell. It 

depends on many factors like bandgap of the material, power of the incident light, area 

of the solar cell and also collection probability (probability that light generated carriers 

will be collected by the p-n junction). 

Open Circuit Voltage (VOC): 

When the light generated carriers are prevented from leaving the cell, excess electrons 

and holes are accumulated in the n and p regions respectively after being swept across 

the depletion region. This separation of charges causes a potential to develop across the 

junction, due to which there is a resultant diffusion current. The voltage at which this 

diffusion current exactly balances the light generated current and the net current is zero 

is called the open circuit voltage, VOC.  

Fill Factor (FF): 

The fill factor is defined as the ratio of the maximum attainable power from the solar cell 

to the product of VOC and ISC. It is given by FF = (VM. IM)/(VOC.ISC), where VM, IM are the 

voltage and current corresponding to the maximum power that can be drawn from the 

solar cell, respectively.  

Efficiency (η): 

This is by far the most important parameter in comparing the performance of solar cells. 

It is given by the ratio of the output power to the input power, η = (FF. VOC. ISC)/(Pin). 

The irradiance value, Pin, of 1000 W/m2 of AM1.5 spectrum has become a standard for 

measuring the conversion efficiency of solar cells on earth at a temperature of 25 .  

8.5.2 Surface Passivation Effect of the II-VI Semiconductor Layers 

The particular structure shown in Fig. 8.5 uses thin p-type c-Si wafer as the absorbing 

layer and ZnSe and ZnTe as the n-type and p-type barrier layers, respectively. The 

higher energy bandgaps (Eg) of the II-VI semiconductors (Eg of ZnSe: 2.7 eV, Eg of 

ZnTe: 2.26 eV at 300K) provide good surface passivation. The band diagram of a Si/II-
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VI double heterostructure solar cell, displaying the band offsets is shown in Fig. 8.7 

[91]. The II-VI layers act as minority carrier reflectors or barriers and help to confine the 

generated carriers in the absorbing layer. This in turn increases the minority carrier 

lifetime in c-Si. Hence, carriers generated at a greater depth in the absorbing layer can be 

collected by the junction instead of it being lost to recombination. This results in an 

increase in VOC of the solar cell as well as the efficiency. Also, the n-type II-VI 

semiconductors chosen, especially ZnS (-0.37% lattice mismatch), are nearly lattice 

matched to Si. This reduces the number of dangling bonds at the heterojunction, creating 

a better defect-free interface.  

 

Figure 8.7: Band-structure of Si/II-VI double heterostructure solar cell [91]. 

 

8.5.3 Other Advantages of the Alternate Solar Cell Structure 

One of the major advantages of the double heterostructure solar cell over HIT solar cell 

is much lower optical absorption in the II-VI semiconductor layers. ZnSe and ZnTe 

absorb very little of the visible spectrum of light due to their larger bandgaps. The 

optical absorption loss in the ITO/a-Si layers of a conventional HIT solar cell is 13.8%, 

whereas that in a 636 nm of ZnSe layer on Si is only 5.5% [89]. This results in increase 

in ISC of the solar cell. The lower optical absorption also allows the growth of thicker II-

VI layers, which reduces the series resistance. The bottom p-ZnTe layer can be highly 
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doped enabling better current transport through the solar cell. Low refractive indices of 

the ZnSe layer makes it suitable as an anti-reflection coating. 

Additionally, this novel solar cell structure has long term stability in terms of solar 

efficiency as compared to the conventional HIT solar cell, in which the a-Si:H layers are 

subjected to light induced degradation [90]. Lastly, the most important advantage is that 

the manufacturing cost would be much lower due to fewer layers and the elimination of 

TCO. Indium is expensive as compared to other elements used as the metalorganic 

sources. 

 

8.6 MOCVD Reactor and Process 

A vertical cold-wall MOCVD reactor was used for the growth of p-type ZnTe. The 

susceptor having a 3” wafer holding capability is mounted on a rotating heater. 

Diethylzinc (DEZn) and DIPTe were used as the precursors for Zn and Te respectively. 

Arsenic (As) was used as the p-type dopant. Two different sources for As was used, 

namely, tris(dimethylamino)arsine (TDMAAs) and Arsine (AsH3). The gas flow control 

and pipe fittings are similar to the previously discussed MOCVD system. A schematic of 

the vertical reactor is shown in Fig. 8.8. UHP H2 is used as the carrier gas and is injected 

through the center gas flow line along with the precursors. H2 is also injected through the 

outer lines of the shower-head to prevent backflow from the exhaust line.  

ZnTe was deposited on Si wafers of different orientations, Si (100), Si (111), Si 

(211). The reactor temperature was maintained at 450°C, the pressure of the chamber 

being 100 Torr. All Si samples were subjected to an organic clean followed by a dilute 

hydrofluoric acid (HF) etch to remove the native oxide.  
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Figure 8.8: Schematic of the vertical cold-wall MOCVD reactor chamber used for 

the growth of p-ZnTe. 

 

8.7 Characterization of p-ZnTe films 

8.7.1 X-ray Diffraction 

X-ray diffraction was used to determine the crystalline quality of the grown p-ZnTe 

films. It was found out that ZnTe films deposited at 450°C were single-crystalline. 

Figure 8.9(a) gives a plot of the acquired XRD spectrum, showing the different ZnTe 

characteristic peaks on Si (111). A phi-scan with chi set to 70.5° ({111} planes are 70.5° 

inclined to the wafer surface) was done and no twinning was observed. This scan is 

displayed in Fig. 8.9(b). While optimization, ZnTe growth at ~400°C yielded 

polycrystalline films. 
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Figure 8.9: XRD spectrum acquired on ZnTe films grown on Si (111) wafer, 

showing ZnTe to be single-crystalline (a) θ-2θ scan, (b) phi scan with chi set to 

70.5°. 

 

8.7.2 Thickness and Surface Morphology 

The thickness and uniformity of the deposited ZnTe films was measured using SEM. 

The growth rate of ZnTe films at 450°C was ~1μm/hr. The SEM cross-sectional image 

of ZnTe deposited on Si (111) wafers, exhibited in Fig. 8.10(a) is the result of a 20 

minutes run. The surface morphology has also been captured in Fig. 8.10(b). It shows a 

rough surface. 

(a) 

(b) 
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Figure 8.10: ZnTe thin film deposited on GaAs substrate for 20 mins at 450˚C - (a) 

cross-sectional SEM image to show thickness (b) top view image to show surface 

morphology. 

 

8.7.3 Minority Carrier Lifetime 

Evaluation of the passivation effect of ZnTe layers on Si wafers is very essential for 

achieving high efficiency of the proposed solar cell structure. Minority carrier lifetime 

measurements have been performed on Si wafers of different orientations with a thin 

ZnTe film grown on top of it. MPCD characterization technique, described in the 

previous chapter has been utilized to serve the purpose. It has been observed that 

minority carrier lifetime of Si showed significant improvement after the growth of ZnTe 

thin film, hence proving the potential of ZnTe as a good surface passivant. 

Photoconductive decay plots on Si (100), Si (111), and Si (211) wafers are displayed in 

Fig. 8.11. The minority carrier lifetimes have been extracted from the decay plots and 

summarized in Table 8.1. Photoconductive decay measurements were performed on 

highly doped GaAs wafers coated with ZnTe and no decay was observed, indicating that 

the increase in minority carrier lifetime was not due to ZnTe traps. 
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Figure 8.11: Photoconductive decay measurements on Si substrates having 

different orientations, and passivated with p-type ZnTe. 

 

Table 8.1: Extracted minority carrier lifetime from the photoconductive decay plots 

of Si wafers passivated with ZnTe. 

Sample Description  
Measured Lifetime 

(μs)  

p-Si(100) Substrate 5 

p-ZnTe/p-Si(100) 16 

p-Si(111) Substrate 3.33 

p-ZnTe/p-Si(111) 15 

p-Si(211) Substrate 1.25 

p-ZnTe/p-Si(211) 12.1 
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8.7.4 Electrical Characterization 

Hall measurements were performed on the p-ZnTe layers to determine the carrier 

concentration and resistivity of the thin films. ZnTe was grown on semi-insulating GaAs 

(100) for this purpose. A high carrier concentration of 3×10
8
 cm

-3
 was obtained using As 

as the dopant. A very low resistivity of 0.33 Ω-cm was recorded. This has been reported 

earlier by our research team as part of a different project [95]. Figure 8.12 displays the 

variation in carrier concentration and resistivity of the as-grown p-ZnTe films on Si 

substrate with variation in the dopant precursor flow.  

 

 

 

 

 

 

 

 

 

Figure 8.12: Carrier concentration and resistivity by Hall measurements on as-

grown ZnTe films grown on Si wafers [95]. 

 

Good ohmic contacts were formed on p-ZnTe films using indium (In). In was 

deposited using e-beam evaporation technique. A shadow mask having finger-like 

pattern was used for forming the metal contacts. This pattern helps in uniform current 

spreading and hence more efficient current transport through the layer. Figure 8.13(a) is 

an optical microscope image which exhibits the shape of the metal contact formed on 

ZnTe using In. I-V curve obtained on probing two metal contacts on the ZnTe surface, to 

test the conductivity of the ZnTe layer, is shown in Fig. 8.13(b).  
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Figure 8.13: (a) Optical microscope image of the pattern of In metal contact on 

ZnTe used for current spreading, and (b) I-V curve showing the formation of good 

ohmic contact between In and ZnTe (probing two metal contacts on ZnTe surface). 

 

8.8 Summary 

A great deal of focus was laid into developing a suitable growth process of p-ZnTe for 

the novel double heterostructure solar cell. MOCVD growth of ZnTe was conducted on 

several orientations of Si wafers. X-ray diffraction confirmed the thin films to be single-

crystalline. A very low resistive film (0.33 Ω-cm) with a high carrier concentration of 

3×10
18

 cm
-3

 was obtained. Notable minority carrier lifetime improvement was observed 

on Si wafers passivated with ZnTe. In all, p-ZnTe thin films showed promising results 

for the fabrication of the proposed double heterostructure solar cell. The growth process 

for n- ZnSe on the other hand, was being developed and optimized by our ASU 

collaborators. The n-ZnSe films on Si (111) turned out to be highly resistive. Hence, 

unfortunately, the project was discontinued. 
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