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ABSTRACT 

The surface of indium phosphide single crystals exposed to synthetic lung fluid 

(Gamble solution) has been investigated. An oxygen depth profile, obtained by 

employing the 3.035 MeV resonance in the elastic scattering of a particles from '^0. 

detected oxygen at maximum concentrations of 24% in a layer approximately 1000 A 

thick. 0:ln and 0:P ratios were found to increase with prolonged exposure time as 

determined by XPS. although binding energies and peak fwhm's remained relatively 

constant. The surface concentration of indium was found to be decreased in this 1000 A 

layer. Indium was detected in the Gamble solution, confirming that indium was leached 

from the InP surface. The similarity of P;In ratios at all lengths of exposure suggests that 

phosphorus was also leached by the Gamble solution. 

An efficient method for determining arsenic species As HI, As V. methylarsonic acid 

and dimethylarsinic acid in groundwater samples has been developed. Ion exchange 

chromatography using a tandem SCX/S AX column was used to separate the four species 

which were analyzed using hydride generation atomic absorption spectroscopy 

(lEX/HGAAS). The method produced excellent separation, and off-column arsenic 

fraction total concentrations were generally within 10% of measured total arsenic 

concentrations. EEX/HGAAS was used to speciate arsenic in groundwater samples 

collected from a suspected arsenic contamination site at an industrial facility in Missouri. 

Results of the speciation analysis provided evidence to substantiate the presence of high 

naturally-occurring arsenic in groundwater at the site. Trivalent arsenic was the 
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predominant species detected. The occurrence of trivalent arsenic was consistent with 

the reducing conditions of the alluvial aquifer and the high iron oxide concentrations 

detected in soil at the site. 

Though sensitive, the traditional EEX/HGAAS method for speciating arsenic is 

tedious and time-consuming. Analysis of a single sample can require as much as eight 

hours. A microscale SPE/PDCE analysis method was investigated. This method allows 

for preconcentration of arsenic species by extraction onto an SPE column containing ion 

exchange resin. Because FIXE is not species-sensitive, the arsenic-containing resin was 

analyzed directly, thereby eliminating digestion and reduction requirements imposed by 

the HGAAS method. Preliminary results gave excellent retention for As V and DMA 

over the concentration range analyzed. As III and MMA were not significantly retained 

on the SAX resin under any of the extraction conditions tested. 
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CHAPTER I 

INTRODUCTION. PART I 

Though silicon remains the predominant semiconductor material in production 

and use today, the so-called EH-V semiconductors have, in the past few decades, seen 

increasing use in the electronics industry. Because of their unique and often superior 

electronic properties, today HI-V semiconductors find extensive use in many state-of-

the-art applications including high speed, high frequency devices and in microwave and 

optical communications networks. 

Gallium arsenide and gallium phosphide, used in light emitting diodes in the 

1970's. were the first HI-V compounds to find significant practical application. As 

such. GaAs. and to some extent GaP. are the most studied and best understood of the 

EH-V semiconductors. The surge in optical fiber telecommunications has. in the past 

twenty years, prompted the development of InP and other lU-V compounds including 

alloys consisting of several of the HI-V elements. Production of InP steadily increased 

during this period, and by 1992, InP was the third most used semiconductor material 

after GaAs and silicon (1). In 1989, worldwide annual production of indium was 

estimated to be approximately 100 tons; at least half of that amount was consumed by 

the electronics industry (2). As new practical applications for InP are discovered, 

production will inevitably increase as will the number of workers employed in the 
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industry. Hence, increased attention from industrial health organizations and 

government occupational health agencies is inevitable. 

The expanding industry has precipitated a concomitant rise in occupational 

health concerns for workers who may be exposed to airborne particulates generated 

during the manufacturing process. In an occupational setting, the major route of 

exposure is through inhalation. Thus, indoor air quality is the primar>' focus of 

occupational health agencies and industrial hygienists. Several operations involved in 

the semiconductor manufacturing process inherently produce large amounts of dust. 

After growth of the bulk single crystal, the cylindrical ingot is sandblasted and cleaned 

to remove defects. The ingot is then mounted and cut into individual wafers that are 

each cleaned and mechanically polished to a mirrored finish prior to growth of epitaxial 

layers on the surface. Finally, the wafers are subjected to various etching and cutting 

processes during final device fabrication. 

The industry has not been without scrutiny from occupational health agencies. 

At least one study reponed that workers in this industry exhibit a higher incidence of 

occupational illness compared to other related industries (3). Little specific 

information, however, is available regarding the effects of occupational exposure to III-

V semiconductor dust. In fact, OSHA does not directly regulate airborne concentrations 

of most ni-V elements, testifying to the lack of toxicological information upon which 

Permissible Exposure Limits (PEL) are based. As a default, respirable particulates that 

are not directly regulated under the OSHA standard are assigned a generic PEL of 5 

mg/m^ (4). For compartative purposes, metals that are regulated by OSHA have PELs 
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that are generally much lower than the default paniculate PEL. Arsenic, for example, 

has an eight hour time-weighted average PEL of 10 |ig/m"". Russia, in response to 

several toxicological studies conducted by Fadeev (5.6). established an occupational 

maximum allowable airborne gallium arsenide concentration of 2 mg/m"\ The 

American Conference of Government Industrial Hygienists determines and publishes 

recommended Threshold Limitation Values (TLV) for various compounds, including 

indium (0.1 mg/m^) (7). These TLVs are based upon toxicological data; however. 

OSHA is the sole government agency that regulates allowable occupational exposure 

concentrations. Thus. ACGIH TLVs are not binding to industry. 

Of available industrial exposure information, one study, conducted at 

manufacturing plants that used GaAs in LEDs and microwave circuits, reported 

airborne breathing zone levels of gallium and arsenic above OSHA PELs in some 

phases of the manufacturing process. Wipe samples, taken from various areas 

contained as much as 5.42 |ig/cm" arsenic (8). A National Institute of Occupational 

Safety and Health (NIOSH) survey found airborne arsenic in concentrations up to 87 

|ig/m^ (9). Predictably, areas with the greatest airborne and settled concentrations of 

gallium and arsenic correlated to processes that generated the largest amounts of dust. 

Because of its predominance as the early IH-V semiconductor of choice, gallium 

arsenide has received the most attention from toxicologists and occupational health 

agencies. A 1986 NIOSH GaAs semiconductor review article surveyed toxicological 

studies performed on gallium arsenide, and to a lesser extent, other DI-V 
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semiconductors including indium phosphide (10). The review concluded that 

significant gaps exist both in determining and monitoring the industrial exposure 

pathways and in understanding the toxicological implications and effects of industrial 

exposure to HI-V dusts. 

Gallium arsenide, previously considered essentially inert in the human body 

because of its perceived stability and insolubility, is now known to cause significant 

acute and chronic health effects in laboratory animals (5.6,11-16). Inhalation of 

gallium arsenide dust has been shown to produce both local and systemic toxicological 

effects in lab animals. Local effects include lung sclerosis and fibrosis, inflammation 

and pneumonia. Systemic effects occur throughout the body; however, the most 

serious deleterious effects occur in the blood, liver and kidneys. The significance of 

this result lies in the fact that at least some portion of the gallium arsenide is absorbed 

from the lungs and distributed to the body. Indeed, several researchers confirmed that 

gallium arsenide is soluble in the lungs (5,6,11). Gallium arsenide powder introduced 

intratracheally in rats was 62 % dissolved after 48 hours; the retained gallium arsenide 

was visually evident, appearing as grey areas in the dissected lungs (11). A comparative 

analysis between exposure routes confirms that gallium arsenide produces greater 

toxicological effects by inhalation than by any other exposure route. 

Few toxicological studies based on exposure to indium phosphide are found in 

the literature. Often, presumptions about the toxicity of indium phosphide are loosely 

extrapolated from studies of other indium-containing compounds and from exposure 

routes other than inhalation. The lack of information about indium phosphide was 
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demonstrated in a National Institute of Environmental Health Sciences (NIEHS) data 

summary for indium phosphide (17). These summaries generally include production, 

environmental, exposure, toxicological and regulatory information. Information 

provided in the NIEHS indium phosphide survey was sparse in all categories, 

particularly in areas of exposure and toxicology. In fact, only one toxicological study 

on indium phosphide was cited. 

This study addresses the interaction of indium phosphide in the lung 

environment after inhalation. Particulates that are deposited in the lungs settle into the 

fluid lining the lung alveoli. The subsequent potential dissolution of indium phosphide 

is of primary interest, as dissolution is generally a necessary precursor to absorption 

from the lungs into the blood stream and transport to other tissues. In contrast and of 

equal importance, particulates that do not dissolve in the lung fluid remain within the 

lungs indefinitely and can cause local toxicological effects. The solubility of indium 

phosphide in lung fluid is unknown; however, a similar study using gallium arsenide 

was previously conducted in this laboratory (18). In that study, gallium arsenide was 

found to steadily dissolve in synthetic lung fluid (Gamble solution) during the course of 

the experiment. After ten days exposure, arsenic and gallium were detected in the 

Gamble solution at concentrations of approximately 2000 ppb and 400 ppb respectively. 

The GaAs surface of exposed crystals was found to be enriched in arsenic compared to 

the unexposed samples and a strong arsenic-oxide peak appeared in the XPS spectra. 

In this experiment, indium phosphide single crystals were exposed to synthetic 

lung fluid for periods of up to eight weeks. After exposure, changes to the indium 
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phosphide crystal surface was examined by XPS and Rutherford backscattering 

spectrometry (RBS). These techniques allowed monitoring of oxide formation on and 

depletion of indium from the indium phosphide surface. Finally, graphite furnace 

atomic absorption spectrophotometry (GFAAS) was used to measure the concentration 

of indium that was leached by the Gamble solution during the course of the experiment. 
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CHAPTER 2 

TOXICITY OF INDIUM COMPOUNDS 

2.1 Source and Distribution of Indium 

Indium occurs naturally in the earth's crust in a concentration of about O.I ppm. 

Indium is commonly found in zinc, copper and iron sulfide minerals as well as with tin 

deposits. It is estimated that copper ores mined in Arizona alone contain 83 tons of 

indium per year (19,20). 

Commercially, indium is produced almost exclusively from the by-products of 

smelting operations, such as from mining residues, slag and flue dust. Indium is used 

in a number of commercial applications and products. Its corrosion resistance and its 

use as a hardening dopant make indium an excellent component of alloys, bearings and 

joint seals. Because of its conductive properties, indium is used in electronics devices, 

motion picture screens and in mirrors. Indium oxide, mixed with sulfur, is used to color 

glass yellow, and indium is the metal that gives green gold its characteristic lint. 

Indium is also used in solar cells, dental alloys, nuclear control rods and solders (2). 

Clinically, indium has been used to treat spirochete and trypanosome diseases and to 

enhance the effects of sulfonamide drugs (21). Radiolabeled indium is often used in 

minute doses in nuclear medicine as a radiotracer for detecting tumors. 
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The primary source of indium released to the environment is through processing 

of metal ores. For example, zinc smelter flue dusts contain about 0.59c indium, 

primarily as indium oxide. The estimated annual release of indium to the environment 

in 1977 was 350 tons. Of this amount, an estimated 28 tons was released to the air; the 

rest was introduced through direct release of production waste solids to land or water 

(19). 

Most indium released to the atmosphere is in the form of In203. though several 

indium compounds including InCb, In(N03)3, In(OH)3 and In(0:CCH3) have also been 

detected in industrial settings (22). Once precipitated, indium is thought to pose 

relatively little danger to humans. This belief stems primarily from the high insolubility 

of indium and indium compounds at physiological pH. The estimated daily uptake of 

indium is 10 fig (23). Of this amount, less than 2% is estimated to be absorbed into the 

blood stream. Toxicologically relevant exposure to indium is, therefore, expected to 

occur predominantly by inhalation of airborne particulates. As the most significant 

airborne concentrations of indium occur in and around industrial areas that process 

indium, persons at greatest risk of exposure are those employed in these industries and 

those living nearby. 

Many studies demonstrate that populations in highly industrialized areas show 

increased incidence of respiratory illness. Dusts and metals have been found to produce 

local toxic effects from irritation and allergic reactions to lung necrosis, fibrosis, edema, 

and cancer. Almost no information regarding occupational or environmental exposure 
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to indium is available. One of the principal reasons for this void is that indium is a 

minor constituent of most occupational and environmental releases. Thus, specific 

measurement of the deleterious effects due to indium is difficult. Many metals, 

including indium, accumulate in the lungs with time. In fact, over a lifetime 

accumulation of particulates in the pleural space is considerable. Bearing these 

considerations in mind, this chapter focuses on the effect of particulates introduced into 

the lungs. A review of indium toxicity by inhalation is discussed with consideration 

given to other routes of exposure. 

2.2 Inhalation of Indium Particulates 

Inhalation is the primary route of exposure to metals in the workplace. Metallic 

dust and powder are produced in processing industries where crushing, grinding, 

polishing, screening, mixing and manual transfer processes are performed. In plants 

where pyrometallurgical processes predominate, metal-oxide aerosols are formed from 

the condensation of metal vapors. Dust and aerosols can remain airborne for many 

days, providing continuous exposure to workers not fitted with adequate respirators. 

Engineering controls that reduce airborne dust can substantially improve air quality; 

however considering the high surface area of small particulates coupled with the 

efficiency of the lung in absorbing inhaled materials, exposure to airborne metal dust 

remains a significant exposure pathway. In fact, metals are absorbed at least ten times 

more effectively by the lungs than by the intestines (24,25). Zheng found that less than 

one percent of the total dose of indium chloride administered orally to rats remained in 
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the body after 24 hours (26). Soluble metal compounds readily pass from pulmonan, 

tissues to the blood stream which transports and distributes the toxicants to target organs 

and tissues throughout the body. 

2.2.1 Structure and Environment of the Respiratory System 

The respiratory system can be divided into three regions. The nasopharyngeal 

region (or upper respiratory system) is comprised of the nasal cavity, larynx and 

pharynx. The lower respiratory system contains the second two regions: The 

tracheobronchial region which contains the trachea, bronchi and bronchioles, and the 

pulmonary region which is comprised of the lungs and their associated structures. 

The nasopharyngeal region, in its primary function as a conduit for air intake 

into the lungs, performs two essential tasks. It serves as a conditioning passageway 

whereby inhaled air is warmed and humidified before passing into the lungs. By the 

time the air reaches the lungs, its temperature has been equilibrated to within 1 ® of body 

temperature and it has been humidified to within 2 - 3% of full saturation. The 

nasopharyngeal region also assumes a protective function. As air passes through the 

nasal cavity through the larynx and pharynx, various mechanisms help to prevent large 

particulates from penetrating into the lower respiratory system. Nasal hairs, sinus walls, 

and baffles in the nasal cavity called turbinates act as a filtering mechanism. Air 

moving through this region impacts upon these various obstructions, changing its 

direction with each encounter. Larger particles impinge on the walls and turbinates of 

the upper air passages and are trapped in their thin mucous lining. Hence, the 
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nasopharyngeal region provides an efficient filtering system for particulates, infectious 

toxicants and foreign objects suspended within inhaled air. 

From the larynx, equilibrated air enters the tracheobronchial region of the lower 

respiratory system. The walls of this region are comprised mostly of smooth muscle 

and. like the upper respiratory system, are also lined with cilia and mucous. The trachea 

branches into two bronchi that branch further, eventually into bronchioles which, in turn 

branch many limes. Between 20 - 25 generations are completed before the bronchioles 

finally terminate at the many alveolar ducts. With each successive generation the 

bronchi and bronchioles become narrower. In this manner, the tracheobronchial region 

acts as a distribution pipeline responsible for providing bulk distribution of air to all 

areas of the lungs. 

The pulmonary region of the lower respiratory tract includes terminal 

bronchioles, alveoli, and their related structures. The environment of this region is 

maintained at 37 =C and 47 mmHg. Average human lung capacity is about 3500 ml, 

and approximately 500 ml air. the tidal volume, is inhaled with each breath. Of this 

volume 150 ml fills the dead space of the nasopharyngeal and tracheobronchial regions. 

The remaining 350 ml is drawn into the terminal bronchioles where it is quickly 

distributed to the alveoli by diffusion. Hence, only 7 % of the normal lung capacity is 

replaced with each breath. At this rate, about half of the air in the lungs is replaced in 

30 seconds and twelve minutes will elapse before the entire volume is quantitatively 

(99.999 %) replaced (27). Because of this 'dead time' in the lungs, foreign particulates 

are afforded ample opportunity to deposit and be retained by the lung tissue. 
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Average human respiration ranges from 6 - 7.5 1/min. Of the approximately 10 

m^ of air inspired each day, 67 % of each breath reaches the exchanging regions of the 

lungs. There are about 3x10^ alveoli with a total surface area of 140 - 150 m". seventy 

times the surface area of the skin. The alveoli contain a high concentration of 

capillaries through which all of the cardiac output must pass before being pumped to 

body tissues and organs. Indeed, the alveolar capillary bed contains approximately 2000 

km of blood vessels that bathe the alveoli with a thin layer of blood. At any given time, 

these capillaries contain about 140 ml of blood which, under normal cardiac output, 

passes through the capillaries in 0.8 sec. Under increased respiratory activity, this time 

decreases to as little as 0.3 seconds and additional capillaries, normally collapsed, open 

to accommodate the increased blood flow. The alveolar and capillary walls form a 

barrier only 0.4 - 2.5 |im thick which affords intimate contact with the blood and highly 

efficient gas exchange. In fact, blood travels only about 1/3 of the distance through the 

lung capillaries before it is saturated with oxygen (27,28). 

Considering these factors, an inhaled particulate has a reasonable potential for 

being retained by the lungs and ultimately absorbed into the blood stream. Compared to 

the intestinal tract, the lungs provide a more penetrable barrier for absorption into the 

blood through the thin capillary walls. Also, as the lungs are not a flow-through system 

like the gastrointestinal tract, foreign particulates are retained for longer periods of time, 

subject only to removal by the slower clearance mechanisms of the lungs and 
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tracheobronchial tract. Thus, it is readily apparent why inhalation is considered a 

dangerous and significant exposure route for metals including indium. 

2.2.2 Deposition of Particulates 

The majority of air pollutants are particulate in nature. In fact, airborne dust < 2 

fim in diameter usually originates from anthropogenic sources. The lifetime of particles 

suspended in the atmosphere is also highly dependent on size. Because they have a 

tendency to adsorb to other airbome particulate matter, minute particles < 0.8 jim 

diameter remain airbome for less than one hour. As particle size increases, however, 

aerosols remain suspended for longer periods of time. As a result, dust. 0.8 - 1.0 p.m in 

diameter, is airbome from four to as many as forty days (29). Because many factors 

compete to deposit larger particulates, aerosols greater than 1 |im in diameter are less 

likely to remain airbome for extended periods of time and usually have lifetimes of 

hours to days. In an industrial setting where air circulation is generally limited, larger 

particulates tend to settle relatively rapidly onto floors and other surfaces. Smaller 

particulates, however, remain airbome for extended periods and are readily inhaled by 

workers. 

Size is an important factor in determining the deposition site of particulates in 

the respiratory tract. Although particulates are effectively removed throughout the 

respiratory tract, toxicity is dependent upon the deposition region in the respiratory tract. 

Thus particle size is a critical consideration when addressing the potential toxicity of 
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inhaled paniculates. OSHA recognizes this fact and bases its particulate inhalation 

exposure limits on both inhalable and respirable particulate diameters (4). The 

deposition site determines several other important factors. These include the clearance 

mechanisms available to remove the particle, the potential for and degree of absorption 

of a particle, and the severity of consequences of tissue damage to the respiratory tract 

caused by a particle that remains at the deposition site. 

Particulates suspended in inhaled air are deposited in the respiratory tract by 

three primary mechanisms: impaction, sedimentation and diffusion. The depth to 

which a particulate can penetrate the respiratory system is dependent primarily upon the 

aerodynamic diameter of the particulate. The aerodynamic diameter, rather than simply 

a measure of the average diameter of a particulate, accounts for its asymmetry, density 

and aerodynamic drag. Aerodynamic diameter also accommodates the fact that many 

panicles increase in effective size due to hydration in the humidified environment. 

During the course of respiration, particles greater than 0.1 (im can be deposited 

from the airstream as they travel through the respiratory tract. It must be noted that 

deposition is not quantitative; during normal respiration, many particles are not 

deposited. In fact, particles smaller than 0.1 jim in diameter are relatively unaffected by 

deposition mechanisms. These particulates remain suspended in the airstream and are 

expelled from the respiratory tract with the expired air. In contrast, very large particles 

are generally removed before they penetrate the respiratory system to any significant 

extent, usually by the filtering action of nasal hairs. Increased respiration, with its 



concomitant increase in airstream velocity, favors a greater percentage of deposited 

particulate matter. 

Air is inhaled at a high velocity through the nose and into the nasopharv'ngeal 

region of the respiratory tract. As the air enters the sinuses it encounters many 

turbinates which cause the air to become turbulent and to lose considerable velocity. 

Due to their higher inertia, large particles are slow to respond to the rapidly changing 

direction of the airstream and impact upon the mucous-lined surfaces of the 

nasopharyngeal cavity. The system of turbinates removes essentially all particulates 

between 5-100 p.m which pass into the respiratory system through the nose. 

Particulates less than 5 jim are generally able to traverse the obstacles of the 

upper respiratory system and pass, suspended in the airstream. into the trachea. The 

tracheobronchial region is essentially a vertical free-fall tube where remaining particles 

are influenced by air buoyancy and resistance which act to keep them suspended, and by 

gravitational force which works to precipitate them. The net result of these opposing 

forces is sedimentation of many particulates with an aerodynamic diameter of 2 - 5 |im. 

This effect was likely the major factor for the low (17%) indium lung concentrations 

measured by Drosselmeyer who exposed rats to 4 |im indium-doped aluminum oxide 

particles (30). 

By the time inhaled air reaches the pulmonary region of the lungs, many 

particulates with an aerodynamic diameter greater than 2 [im have been removed either 

by impaction in the nasopharyngeal cavity or by sedimentation in the tracheobronchial 
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region of the respiratory system. Until this point, particle density has been an important 

factor in influencing where particles are removed from the airstream. Upon entering the 

terminal bronchioles and alveoli of the pulmonary region, however, air velocity is 

minimal and movement of air and suspended foreign matter is governed by diffusion. 

Bombarded by random movement of air molecules, particles undergo Brownian motion. 

Smaller particles are influenced more radically by these collisions; their random 

movement can bring them into contact with the epithelial walls of the terminal 

bronchioles and alveoli where they may be deposited. 

Researchers recognize this fact and inhalation toxicity experiments are almost 

always conducted with particulates of consistent, known diameter less than 5 |im. Of 

the indium experiments surveyed for this work, all were conducted using particulates 

with mean diameters of about 4 fim (26,30-33); however, as methods differed and as 

some of these studies did not measure the deposition efficiency, no comparative 

evaluation between indium particulate size and deposition efficiency is possible. One 

study used In^Oa and InCb particulates < 0.01 (im which would suggest little to no 

deposition in the lungs. Deposition did occur, however, for both compounds, although 

few particulates were detected in the terminal bronchioles or alveoli. In^O} was 

primarily removed in the nasopharyngeal tract; only 38 % was deposited in the lower 

respiratory tract. Greater deposition occurred with InC^ (69% in the lower respiratory 

tract) possibly due to hydrolysis of the InC^ and subsequent aggregation of particulates 

in the aerosol suspension (33). 
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2.2.3 Clearance and Defense Mechanisms 

The respiratory system is responsible for providing the body with oxygen. To 

perform its critical role, a delicate balance must be maintained within the lung 

environment. Furthermore, the alveoli provide a fragile window to the rest of the body 

via the alveoli-blood barrier. For these reasons, the respiratory system is equipped with 

a host of defenses which work to avoid, clear, contain and deactivate foreign and toxic 

material which might disrupt, impair, or damage this delicate system. The duration, 

extent and type of response mounted by the respiratory system depends on the chemical 

and physical properties of the potential toxin. Inhalation of foreign material produces a 

cascade defense response both as the toxic material passes further into the respiratory 

system and as each activated defense stimulates other defense mechanisms. Regardless 

of their means of activation, the single purpose of these defenses is to contain, neutralize 

and clear foreign material from the respiratory system so that the process of CO2/O2 

exchange is not disrupted. 

One of the primary clearance routes for inhaled particulates occurs in the 

tracheobronchial region of the respiratory tract which is equipped with an effective 

mucociliary transport defense mechanism. The surface of the respiratory passages, from 

the nasal cavities to the terminal bronchioles, is lined with ciliated epithelium. A thin 

mucous layer, secreted by the epithelial cell, forms a sticky blanket about 5 ^m thick 

atop the cilia. Each epithelial cell contains about 200 cilia that rhythmically beat at a 
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rate of 10 to 20 times each second (27). The concerted motion of the millions of cilia 

lining the respiratory tract acts to move the mucous blanket steadily towards the phar\'nx 

at a rate of 0.1 to 1 cm/min (24.27). The mucociliary transport mechanism plays a vital 

protective role. The mucous blanket keeps the respiratory system moist, prevents 

particulate penetration of the cell membrane, and provides a homeostatic environment 

for cilia action. Furthermore, it traps and conveys foreign particles, viral and bacterial 

infections and internal toxins to the pharynx where they are swallowed or expelled by 

coughing or sneezing. Removal half-lives for mucociliary clearance from the 

tracheobronchial region range from 30 - 300 minutes (28). 

Once a foreign agent reaches the alveoli, its fate is determined by a host of 

cellular and biochemical defenses. Just as the upper respiratory tract is lined with 

mucous produced by the epithelial cells, the pleural space is bathed in a lipid-based 

surfactant which contains enzymes, proteases and antibodies that work to deactivate 

gases and particulate matter. There are three pathways by which particles can be 

removed from the pulmonary region. A particle may be phagocytized and cleared by 

mucociliary transport or lymphatic drainage. Dissolved material from the surface of the 

particle may be removed via the bloodstream. These three clearance mechanisms: 

mucociliary transport, lymphatic drainage and transport across the alveoli/blood barrier 

compete to clear particulates from the fragile pleural space. In terms of potential 

toxicological effects, generally the most benign and thus desired route of removal is 

through mucociliary transport by way of phagocytosis. Particles cleared in this manner 



36 

can be expelled through the mouth or sinuses, or they may be swaJlowed and. if not 

absorbed in the intestines, excreted from the body. 

The distribution, deposition and retention of inhaled material and its eventual 

transfer to other tissues depends on the physiochemical properties of the gas or particles, 

the rate and pathway of respiration, the aerodynamics of the respiratory system, and the 

speed and efficiency of pulmonary defenses in confronting the inhaled toxicant. The 

potential damage caused by inhaled material is dependent on the respiratory system's 

rapid, effective response; however, the sources from which these defenses are derived 

are themselves often readily compromised by the toxicant. Clearance mechanisms are 

also vulnerable to saturation at high concentrations of foreign material. Regardless of 

the inherent pitfalls, the half-life of rapidly removed material deposited in the 

respiratory tract is 24 hr. (34). Most irritants fit this category, although some particles 

can remain in the terminal bronchioles and alveoli for significantly longer periods, and 

in some cases, indefinitely. If soluble, the lungs are a highly efficient pathway for 

absorption into the bloodstream. This illustrates how residence time is of paramount 

concern when determining the potential toxicity of a foreign agent. It also demonstrates 

the critical role played by the respiratory system's defense mechanisms in maintaining 

the delicate environment of the pulmonary cavity. 

Clearance mechanisms are relatively successful at clearing indium compounds 

from the respiratory system. Smith found that In(OH)3 and indium citrate administered 

intratracheally to rats were cleared from the lungs in two phases. Approximately 60% 

of the administered dose was cleared from the lungs within 8 days following exposure. 
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After 8 days, clearance of indium slowed considerably: by 64 days, only another 209<-

was cleared from the lungs (21). In^Os appears to be somewhat more persistent in the 

lungs, though results are inconsistent between studies. Leach determined the pulmonar\' 

half-time of indium oxide to be 75 days which is generally consistent with the results 

reported by Drosselmeyer (30.32). In contrast, another study reported much more rapid 

clearance of indium oxide; in that study, 60% of the deposited dose was cleared after 14 

days (33). In the latter study, most of the indium was deposited in the terminal 

bronchioles rather than the alveoli, thus clearance by way of immediate mucociliary 

transport probably accounts, at least in part, for the large discrepancy in clearance rates. 

These studies provide several important conclusions regarding respiratory 

clearance effectiveness for indium compounds. Indium compounds do not substantially 

impair the ability of clearance mechanisms to respond to and clear indium from the 

respiratory system. After an initial rapid clearance phase, however, indium clearance 

rates decline substantially. This is not an uncommon result; in fact, particulate removal 

from the alveoli is relatively inefficient averaging 20% clearance within the first 24 

hours and very slow clearance thereafter. This result can be partially explained by the 

expected immediate reaction of respiratory defense mechanisms acting to clear the bulk 

of foreign substance. The remaining particulates may, with time, tend to 'settle' into 

the lung fluid and may potentially become imbedded in the lung tissue, inhibiting the 

effect of clearance mechanisms. The result is indium particulates that are bathed in lung 

fluid and in intimate contact with capillary containing walls of the alveoli—necessary 

precursors to dissolution and absorption into the blood stream. 
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2.2.4 Local Effects of Indium on the Respiratory System 

In discussing the effects an inhaled particulate may have upon the body, a 

distinction must be made between inhalation toxicology and pulmonary toxicology. 

While both terms derive from the effects of an inhaled substance, pulmonary toxicology 

describes the adverse effects that occur locally or within the respiratory system. In 

contrast, inhalation toxicology describes systemic effects throughout the body that an 

inhaled toxicant may have. Most local effects are the result of the respiratory system's 

attempt to neutralize and remove foreign matter. In the defense process, damage 

inevitably occurs to the lung. Subsequent attempts by the lung to repair the damage can 

lead to extended and even permanent damage. 

Acute pulmonary injury stems from the initial short-term response of the 

respiratory system to foreign material. The intent of this response is to protect the lungs 

from, resolve the effects of and repair any damage caused by the toxicant. In many 

cases, it is this inflammatory response that produces the impairment or injury. Exposure 

to a high concentration of toxicant, or repeated, frequent exposure to low concentrations 

of a toxicant will often overwhelm lung defense and repair mechanisms and produce 

chronic pulmonary diseases such as cancer (Be, Cd, As, Ni, Mn, asbestos, radioactive 

dusts), emphysema (Sb, Cd), occupational asthma (chromium and platinum salts, wood 

and grain spores) pneumoconiosis, and fibrotic lung diseases (Cd, Hg, Fe, Co, asbestos, 

silica). 
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Peripheral lung effects include injury to cells lining the gas exchange surfaces of 

the lung, structural changes caused by inflammation, and deleterious effects on 

macrophage function. Injury to alveolar macrophages may affect their mobility as well 

as their ability to recognize, attach and phagocytize foreign particles. The net result of 

impaired macrophage function is decreased efficiency of the lungs primary clearance 

mechanism and prolonged, more intimate contact by the lungs with the toxic material. 

Metals are known to cause impairment of macrophage function. In contrast, the zeal 

with which healthy macrophages attack foreign material causes chronic pulmonary 

inflammation which may evenmally cause significant fibrosis within the lung tissue. In 

their effort to protect the lungs, alveolar macrophages release inflammatory mediators 

and chemicals that promote fibroblast proliferation and collagen synthesis. As these 

factors accumulate with time, considerable, permanent reduction in lung elasticity and 

air exchange efficiency occurs. 

Inflammation causes changes in local vascular permeability which results in 

accumulation of plasma proteins and fluid in the interstitial regions of the lung. This 

resulting interstitial edema can cause a decrease in airway caliber and an increase in 

airway resistance, leading to acute impairment of lung function by inefficient transfer of 

gases across pulmonary membranes. The inflammation process also attracts blood-

borne inflammatory cells such as neutrophils, macrophages, and mast cells to the injury 

site. Thus, in the case of inorganic foreign material, the healing functions of the various 

defense mechanisms often amplify the injury. 
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Pulmonary injury was reported in almost all indium toxicology studies. Chronic 

exposure to InP for 15 weeks produced lesions, cell hyperplasia, pneumonia and 

emphysema in the lungs of hamsters (35). Epithelial cell damage was noted in lungs of 

rats exposed to low doses of InP. Lung fluid from these rats contained elevated levels 

of proteins. LDH, cholesterol and phospholipids indicating that the alveoli-capillary 

barrier was damaged and that plasma had leaked into the alveoli (31). Leach reported 

substantial pulmonary damage to rat lungs after chronic exposure to indium oxide over a 

period of three months. Gross pathological findings included increased lung weight 

(3x-5x greater than the control) and enlargement of the tracheobronchial lymph nodes. 

One fourth of the rats exhibited acute pleurisy and pericarditis. Damage to the lungs, 

alveoli and tracheobronchial lymph nodes was evident in all animals. Granular fluid 

was present in the lungs and frequent edema was observed (32). In contrast, no sign of 

fibrosis or pneumonia was detected after low exposures to indium oxide (30). InCb 

was found to produce pneumonia in rats sacrificed six days after one time exposure 

(33). 

At low doses, no change in macrophage count was detected in rats exposed to 

InP, although an increase in neutrophils and lymphocytes, which indicate an early 

inflammatory response and which generally precede the arrival of macrophages was 

detected. Higher exposures to InP caused large increases in neutrophil count as well as 

phagocytosis of InP (31). Morrow noted that InCls particulates in alveoli and terminal 

bronchioles of rats were essentially completely phagocytized within 2 days after 

exposure (33). 
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2.2.5 Systemic Effects of Indium Following Inhalation 

Pulmonary defense mechanisms work to contain and remove foreign material 

from the respiratory tract and lungs. But these defense mechanisms often provide only a 

degree of prophylactic remedy against deposition of particulates into the lungs. Once in 

the alveoli, solubility and partitioning characteristics primarily determine whether a 

particle will be absorbed into the bloodstream and transported to other organs. 

Absorption is slower for particles than for gases and the rate in which a particle may be 

absorbed is mostly determined by solubility. As such, quantitative removal of 

particulates from the lungs is inefficient and many metals as well as "inert" particles 

tend to accumulate in the lungs. 

Deposited particles are subject to slow biochemical transformations within the 

pulmonary cavity by an active cytochrome p-450 system which catalyzes the 

metabolism of foreign material. The enzymes of cytochrome p-450 occur primarily in 

the endoplasmic reticulum of the liver, but are also functional in many other organs of 

the body including the lungs. Slow dissolution and erosion of precipitated particles may 

also occur after which the solubilized material may become absorbed by the 

bloodstream. 

Thus, the lungs provide a readily breachable pathway into the circulatory system. 

Once in the bloodstream, toxicants are rapidly transported throughout the body, first to 

blood-rich organs such as the liver and kidneys, then within 10-20 minutes, to other 
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organs and fat tissues and eventually to vessel-poor tissues. In this way. toxicants are 

distributed to target sites throughout the body where they may exert their effects. 

In the bloodstream, one of the primary known toxicologic effects and 

distribution pathways of indium and other group EH metals occurs through their ability 

to bind to the protein transferrin. Transferrin normally carries iron in the blood stream 

and distributes it to target tissues. Group III metals have similar affinities for this 

protein and compete with iron for binding sites. Once in the blood, indium was bound 

almost exclusively to transferrin and exhibited a half-life of 3.5 hours (36.37). Hultqvist 

found that the indium-transferrin complex is more stable to changes in pH than the iron 

complex which dissociates below pH 7. At concentrations above the saturation level 

indium alternatively binds to alpha globulins (38). 

Distribution from the bloodstream to organs and tissues is highly dependent on 

the chemical form. As expected, ionic indium binds more readily to transferrin and 

may, therefore, remain in the blood stream for days. Toxic effects and target organs are 

different for ionic indium which is transferred primarily to the liver, spleen and other 

organs. Nonionic compounds, particularly those in colloidal form, are cleared within 

hours from the blood by phagocytic cells of reticuloendothelial system and are 

preferentially distributed to the kidney. Comparatively, colloidal indium with an UDso 

of 0.323 mg/kg was forty times more toxic than ionic indium as InC^ (LD50 12.5 

mg/kg) (39). A study using indium nitrate gave comparable results (LD50 10 mg/kg). 

This same researcher reported that similar doses of gallium and germanium elicited no 
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readily observable toxic effects, indicating that indium was more toxic under the 

experimental conditions (40). 

In the body, indium inhibits several enzymes, is bound by the phosphate groups 

of nucleic acids and catalyzes the hydrolysis of at least one amino acid. Indium may 

inhibit the actions of essential metals by preferentially binding to phosphate, carboxyl 

and amino groups of the phospholipid layer of biomembranes. Indium was found to 

bind more strongly to these membranes than the essential metals Ca""^. Na". Li". Mn*" 

and Fe^"^. Indium also was more strongly bound than Hg""*" and Cd""*" —metals known to 

exert toxic effects via binding to biomembranes (41). 

Inhalation studies of indium compounds indicate that absorption from the lungs 

into the blood stream and subsequent transfer to the body does occur. The primary 

target organs appear to be the kidneys, liver and spleen in nearly all studies; however, 

low concentrations of indium are commonly found in nearly all body tissues. Indium 

from indium phosphide was not detected in body tissues or organs in one low-dose 

study (31). At higher indium phosphide doses, indium was found in the lungs, liver, 

kidney, spleen and testes (26). Indium hydroxide and indium citrate caused similar 

accumulation of indium in essentially all organs. The body burden of indium from this 

experiment was concentrated in the skin, bone and muscle. Organ concentrations 

decreased with time; however, skin and muscle concentrations continued to increase 

indicating that indium may seek and accumulate in the soft tissues. Lymph nodes also 

contained a high percentage of indium. The indium content in the lymph nodes 
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increased throughout the experiment suggesting that defense mechanisms continued to 

recognize and defend against the metal (21). 

Low dose exposure to In^O? did not result in delectable indium concentrations 

(30). Longer-term exposure of rats to In203 over a period of three months caused 

accumulation of indium in the organs and tissues. The highest accumulation was in the 

spleen which contained 80x the indium of the control group. The liver (33x). bones 

(20x), and kidney (6x) also contained significant amounts of indium. Concentrations in 

these regions did not substantially decrease after six months; the liver concentration 

increased slightly after exposure was discontinued (32). 

The last soidy provides an interesting perspective from which to consider indium 

pulmonary vs. systemic toxicity. The half-life of indium in the lung was 2.5 months: 

therefore, a large amount of the indium remained within the lungs available for 

absorption into the blood stream. In203 is one of the least soluble compounds, yet its 

presence in soft tissues and organs increased after exposure was discontinued (32). 

Indium must, therefore, have some solubility within the lungs. If indium does 

bioconcentrate, as the Smith and Leach studies suggest, retention of indium particulates 

provides a constant source from which indium may be absorbed and distributed to 

tissues and organs. In an occupational setting, exposure is likely to be cumulative which 

would further exacerbate the potential for chronic local and systemic toxic effects. As 

such, inhalation is, by far. the primary exposure pathway of concern for indium. 



45 

CHAPTERS 

USE OF X-RAY AND ION BEAM TECHNIQUES TO ELUCIDATE THE 

SURFACE STRUCTURE OF INDIUM PHOSPHIDE 

3.1 Methods 

One of the limitations of surface analysis techniques is the tendency of the 

probing mechanism to introduce surface damage to the sample. A well-documented 

example is ion sputtering which is commonly used in conjunction with AES, SIMS, ISS 

and other analysis techniques to obtain a depth profile within the near-surface region of 

a sample. Sputtering removes surface species and causes changes in the remaining 

surface at and near the probed area. Sputtering of indium phosphide with Ar* produced 

an indium-rich surface (42) and decomposed In(0H)3 to IniOj (43). Gruzza et. al. used 

AES. EELS and EPES to study the formation of indium clusters on the surface of 

indium phosphide subjected to Ar"^ bombardment (44). Significant changes in the XPS 

P2p peak after ion bombardment have also been observed, indicating that surface 

phosphorus is also affected (45). 

Sensitivity of the indium phosphide surface to damage is not limited to 

sputtering techniques. Low energy or low dose ion beams have also been found to cause 

surface damage to the indium phosphide crystal surface. (46). Hence, although RBS 

does not require sputtering to probe the surface, the primary ion beam, usually 1-2 MeV 

He* or H^, can and does introduce changes to the indium phosphide surface (47). 

Methods other than ion bombardment are not excluded. Almost all techniques 

used for surface analysis induce some degree of surface damage or disorder. Hoekje 
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found that AES and XPS cause damage to the indium phosphide surface. The electron 

beam in AES induced electron stimulated desorption from the indium phosphide 

surface as evidenced by changes to the Auger phosphorus peak. The XPS binding 

energy difference between the phosphorus P2p and indium In-Sds/; peaks was 

determined to be a function of the exposure duration to the x-ray beam (48). 

For this experiment, it was desirable to probe both the surface and the near-

surface of the indium phosphide single crystal exposed to synthetic lung fluid. Since 

multiple experiments were to be performed on each sample, it was necessary to employ 

methods that introduced limited damage to the indium phosphide surface. Changes in 

the indium phosphide surface composition and integrity were of interest as was the 

formation of the oxide layer. For these reasons, XPS and RBS were chosen for this 

experiment. XPS provided information regarding the composition of first few 

monolayers (15 - 90 A), whereas RBS was used to probe the near-surface (500 - 15(X) A) 

disorder introduced in the indium phosphide samples after exposure to synthetic lung 

fluid. Figure 3.1 illustrates the relative depths in indium phosphide probed by the XPS 

and RBS methods. 

3.1.1 Rutherford Backscattering Spectrometry 

In comparison to surface-sensitive methods such as SIMS, NAA, XPS and 

Auger spectrometry, RBS is not a true surface technique. With a depth resolution of 

100-200 A, RBS cannot discern surface details; however, RBS is an excellent technique 

for studying thin films and bulk samples. The accessible depth in a bulk sample is on 

the order of 1 - 10 nm. The limitation which preclude RBS from being considered a 

surface technique is mitigated in large part by the greatly reduced system requirements. 
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Figure 3.1. Comparative sampling depths for X-ray Photoeiectron Spectroscopy 
and Rutherford Backscattering Spectrometry. 



48 

Compared to surface techniques which require a vacuum of 10'"^ to 10"'" torr. the 

average backscattering experiment is conducted at a modest vacuum of 10'^ torr. though 

some experiments require a vacuum as low as 10"^ torr. As such, the time required for a 

backscattering system to reach its operating pressure is comparatively brief. Data 

acquisition is also relatively rapid making RBS one of the more time-efficient methods 

in its category. Though essentially a bulk technique, the lateral uniformity of a sample 

surface is critical in order to obtain a representative spectmm. The area of the particle 

beam is typically about I mm", which is generally several orders of magnitude greater 

than the sample thickness. Surface contamination and imperfections can, therefore, 

severely alter the spectrum obtained. 

The principles which govern RBS allow determination of both qualitative and 

quantitative information about thin films and bulk samples without extensive use of 

standards. Atomic information such as elemental composition, stoichiometry. and areal 

densities are easily determined. Heavy elements are particularly amenable to analysis by 

RBS. Analysis of lighter elements, especially when present in a thick sample or in a 

heavy element substrate, is severely limited at typical operating parameters, although 

use of a high energy resonance can greatly enhance a light element signal, as will be 

demonstrated later in this exercise. The method also lacks specificity; since all 

backscattered particles are alike except for their energy, two elements of similar mass 

cannot be resolved. Film thickness measurements and depth profiling can be 

accomplished without the use of destmctive methods common to other techniques. 

Finally, because the energy of a backscattered particle reflects the sample's nuclear 

environment, which in comparison to the electronic environment occupies relatively 

little space in the sample, information about the crystal stmcture of a sample, including 

orientation, lattice disorder and crystalline imperfections is readily obtained. 
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Considering the strengths of the method. RBS is an excellent means for studying 

the near-surface composition of the indium phosphide samples. For this experiment, 

three RBS techniques were necessarily employed to provide, within the limitations of 

the method, a complete representation of the indium phosphide samples exposed to 

synthetic lung fluid. The samples were first analyzed such that the samples were 

randomly oriented with respect to the particle beam. This analysis essentially viewed 

the indium phosphide crystal as an amorphous structure of randomly arranged atoms and 

provided qualitative and quantitative information regarding near-surface areal density, 

depth information and a rough estimate of stoichiometry. Channeled spectra were then 

obtained by aligning the indium phosphide crystals with the particle beam such that the 

atoms in subsurface planes in the crystal were shielded by the surface atoms. In this 

manner, the channeled spectra provided an indication of the relative disorder introduced 

to the indium phosphide crystalline structure over the course of the experiment. Finally, 

the oxide layer formed at the indium phosphide surface was of interest. Although RBS 

lacks sensitivity for detecting lighter elements, substantial enhancement of the RBS 

signal from a light element such as oxygen is obtained by analyzing the samples at a 

resonance energy characteristic to the element of interest. In this experiment, it was 

possible to probe the oxide layer by analyzing the samples at the 3.035 MeV oxygen 

resonance. 

RBS techniques have been used extensively to study the near-surface 

characteristics of thin films and bulk samples. RBS random and channeling techniques 

have been employed by several researchers to study the effects of impurities implanted 

in indium phosphide (47-52). Though the resonance technique is a common and 

valuable tool for studying low Z elements, only a few studies have used resonance 
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enhancement to study the oxide layer on HI-V compounds (53-55). This is the first 

known study that uses this method for analysis of oxides on indium phosphide. 

3.1.2 X-ray Photoeletron Spectroscopy 

XPS is one of the more well-known and commonly used surface analysis 

techniques. Though other methods such as SIMS are more surface sensitive, XPS 

provides surface information to a depth of approximately 100 A. with detection limits on 

the order of 0.1 - 1 atomic percent. The x-ray source causes ionization of core and 

valence electrons with binding energies < 1000 eV. Because the kinetic energy of the 

ionized electron is element- and environment- specific, molecular information, 

including elemental composition and an estimate of concentration are readily obtained. 

XPS has proven to be a valuable tool for smdying the nature and composition of oxide 

layers on indium phosphide and other HI-V semiconductors. Numerous references are 

available, some of which are discussed in Sections 3.2 and 3.3. In contrast to RBS, XPS 

provides better resolution of lighter elements. Thus, low Z elements such as phosphorus 

and oxygen are easily determined. Absolute quantitative analysis by XPS is limited by 

the lack of acceptable standards and by uncertainties associated with measured 

experimental variables. Many of the limitations can be circumvented by calculating 

atomic ratios rather than concentrations. In doing so, most of the experimental variables 

cancel. The resulting formula is greatly simplified as 

'^P h ̂  In ^tn 

where Nin/Np is the atomic ratio of indium to phosphorus, a is the photoionization 

probability and X is the electron escape depth (56). 
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The depth from which the electron is ejected and subsequently detected is a 

function of the escape depth. X. and the location of the detector with respect to the 

sample surface as given by Equation 3.2. 

d = 3?.sina [Eq. 3.2] 

Thus, by varying the detector angle, a, depth profiling by XPS is possible. At detector 

angles near 90°. (sin a) approaches unity and depth resolution is maximized. At small 

detector angles, depth resolution becomes increasingly limited and only those electrons 

originating in the first few angstroms are detected. 

In this experiment, XPS spectra were obtained representative of two different 

depths (= 15 A and = 90 A) within the indium phosphide samples. Atomic ratios were 

calculated from XPS peak intensities in order to provide an indication of the effects of 

synthetic lung fluid on the 1:1 stoichiometry of the pure indium phosphide single 

crystal. 

3.2 Indium Phosphide Surface Considerations 

One of the primary requirements for a semiconductor is that its surface 

properties be controllable and well-defined. For this to occur, the semiconductor 

surface must be meticulously free of contmaination. During production, the 

semiconductor surface is subjected to a stringent cleaning process designed to remove 

organic residue, and residual ionic and atomic species, including native oxidation. It is 

extremely difficult to remove surface contamination without damaging the crystal 

surface or introducing further contamination. Procedures must be developed that are 

specific to the semiconductor and to the nature of the contamination (57). The 

semiconductor is also subjected to doping procedures, which can introduce further 

damage. 
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EH-V semiconductors pose a unique problem compared to silicon in that the 

group V species is generally more prone to dissolution or volatilization during these 

processes. Annealing, for example, is commonly used to activate implanted imputities 

and to remove damage introduced during implantation; however, the group V elements 

preferentially vaporize during the annealing process, leaving a nonstoichiometric Hi-rich 

surface. Considering indium phosphide, phosphorus appears to be much more prone to 

volatilization than indium. Gill found that laser annealing introduced surface damage in 

both single crystal and silicon-implanted indium phosphide to a depth of approximately 

2200 A (49). The resulting surface was rich in indium due to volatilization of 

phosphorus. Creation of a phosphorus overlayer prior to annealing was found, in one 

study, to mitigate the depletion of phosphorus from indium phosphide (58). 

Phosphorus appears to be more prone to preferential vaporization than its group 

V relative arsenic. One annealing study comparing surface depletion from indium 

phosphide and gallium arsenide determined that phosphorus was depleted at 

temperatures greater than 550=C. Gallium arsenide was stoichiometrically depleted at 

temperatures below 800=C at which point arsenic was preferentially depleted (50). 

Another study found that after selenium implantation and annealing, the gallium 

arsenide surface was depleted in arsenic. As:Ga = 0.93. to a depth of approximately 20 A 

(59). 

Chemical treatment of indium phosphide also tends to produce a surface that is 

depleted in phosphorus. The outer surface of the oxide layer produced by chemical 

etching is reportedly comprised almost entirely of In^Os and In(OH)3 with little 

phosphorus (46,60). Subsurface oxide layers were found to contain greater amounts of 

phosphorus with a composition approximating InP04 or In(POn)n (46,61,62). 
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3.3 Formation and Composition of Oxides on Indium Phosphide 

Our previous study measured changes in the surface composition of gallium 

arsenide single crystals exposed to synthetic lung fluid. No attempt, however, was made 

to determine the extent of interaction of the aqueous medium with the gallium arsenide 

surface. Formation of an oxide layer is an anticipated result of exposure to the aqueous 

synthethic lung fluid. Hence in this study, the growth of the oxide layer on the surface 

in indium phosphide to synthetic lung fluid was monitored. Since the oxide layer is 

controlled, in part, by the substrate, characterization of the oxide layer helps elucidate 

the processes occurring at the indium phosphide surface. 

Oxides play an important role in electric passivation properties of 

semiconductors. Knowledge of the composition and electronic structure of the oxide 

layer is essential to control and optimize the insulating layer of metal-insulator 

semiconductor (MIS) devices. Ideally a clean, stoichiometric surface is required prior to 

the addition of an insulating layer; however, a residual native oxide layer often remains 

on even the most meticulously cleaned surface. The most effective insulating layers are 

both resistive and highly stable. Native oxides, though resistive, are generally unstable. 

Thus, an MIS device is likely to have an inherent instability associated with the residual 

oxide layer. 

Oxide growth processes determine the composition and properties of the oxide-

semiconductor interface. A primary requirement is that the oxide layer be 

homogeneous; however, formation of a homogeneous oxide can be, depending on the 

oxide and substrate, extremely difficult. Indium phosphide falls into this category. 

Theoretically, a native InP-oxide layer should provide desirable insulating properties. 

Unfortunately, indium and phosphorus compete for oxidation. Thus, preferential 

oxidation of one component generally occurs. To date, no effective process for 
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formation of a homogeneous InP-oxide layer has been discovered. Because of the 

interest in developing a homogeneous InP-oxide. many studies have been conducted in 

an attempt to characterize the oxide layer formed on indium phosphide. These papers 

formed the basis from which attempts to characterize the oxides formed during this 

experiment were evaluated. 

The basic mechanism of oxide formation begins with physisorption or 

chemisorption of oxidant at the indium phosphide surface. In-P bonds break to form 

the initial oxide layer. The mechanism for subsequent oxidation is not well understood. 

Conflicting studies have not been able to definitively determine whether formation of 

subsequent oxide layers occurs at the oxide interface by inward diffusion of the oxidant 

or if indium and phosphoms diffuse out of the oxide layer and react at the surface. 

What is known is that oxide formation on indium phosphide is a dynamic process that 

is, to a large degree, determined by the conditions under which the oxide is grown. 

Other than by direct exposure to oxygen, InP-oxides have been grown by a 

number of methods including thermal (63-66), anodic (67-73), and plasma assisted (74-

76) oxidation. For the purposes of this work, only native oxides and those grown under 

O2 exposure are considered. 

In one of the early studies, the surface oxide of as-received indium phosphide 

samples was probed using XPS. The XPS spectrum contained a phosphorus P 2p peak 

at binding energy 133 eV. Based upon this and measurement of the binding energy 

shifts, the researchers concluded that the surface oxide was comprised primarily of 

InP04 or In(P03)3 (45). A later pair of articles found that the as-received InP surface 

oxide layer contained an In:P ratio of one for all but the outermost layer which was 

indium rich. The presence of a phosphorus-oxide P 2p peak was used to conclude that 
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the bulk native oxide layer was comprised on InPOj with some depletion of phosphorus 

at the immediate surface (77.78). 

The native oxides discussed above were all formed on chemically or thermally 

treated indium phosphide surfaces. Thus, the designation "native" oxide is a loose 

interpretation that may or may not include virgin InP surfaces. That formation of the 

oxide layer is influenced by these processes cannot be discounted; therefore, perhaps 

the best representation of 'true' native oxide formation comes from studies conducted 

on indium phosphide surfaces that are cleaved in-situ without treatment prior to 

oxidation. Several of these studies have been performed, using molecular oxygen or 

ozone at various temperatures (79-89). 

Of these, the experiments conducted under exposure to molecular oxygen at 

room temperature are of most interest to this work. Oxide formation by exposure to O2 

appears to occur in three phases. During the early stages of oxide growth, i.e. at less 

than 0.2 monolayer coverage, chemisorption occurs and no obvious change in the core 

or valence band XPS spectra occurs (81.82,84). No preferential adsorption to indium or 

phosphorus is observed (86). At higher coverage transition to the second phase occurs. 

Oxidation progresses rapidly and a P 2p peak appears at 134 eV which is characteristic 

of an In-P-oxide. This peak is often considered to be InP04; however, the small shifts 

in the O Is and In 4d peaks make accurate assignment difficult. Table 3.1. A more 

reasonable assignment may be to consider the surface an amorphous oxide layer with 

approximately equal indium and phosphorus character (43). Finally, at high exposures, 

the oxide layer loses some of its phosphorus character and begins to resemble In203 

(87). This final phase is likely a diffusion-limited process, though whether oxygen 

diffuses in through the initial oxide layer or whether indium and phosphorus diffuse out 

is undetermined. That the characteristic elemental indium and phosphorus peaks are 
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observed throughout the oxide layer, even in a thick oxide, supports the presumption 

that outward diffusion of indium and phosphorus does occur. 

It is interesting to note that the phase three oxide. In^Oa. is consistent with the 

oxides found on gallium arsenide. In contrast to indium phosphide, gallium arsenide 

does not transition through a Ga-As-oxide phase. Rather gallium arsenide forms a 

reasonably homogeneous oxide layer comprised of GaiO.i; and As:03 (83). It is this 

intermediate nonhomogeneous oxide layer that has hindered development of an effective 

insulating layer on indium phosphide. 
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Table 3.1. Binding energies for indium phosphide and indium and phosphorus 
oxides. 

In 3d5/2 P 2 p  0 Is 

InP 444.2 129.0 ~ 

In203 445.0 — 530.5 
In(OH)3 446.0 ~ 531.8 
InP04 446.0 134.0 531.6 
In(P03)3 445.5 134.0 531.5 

533.2 
P2O5 — 136.0 531.9 

533.7 
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CHAPTER 4 

INTERPRETATION AND ANALYSIS OF RBS SPECTRA 

4.1 Rutherford Backscattering Spectrometry Concepts 

The genesis of backscattering spectrometry as it is known today derives from the 

experiments conducted by Rutherford and colleagues in the early 20th century. The 

experiment was designed to test a theoretical model of the atom and was performed by 

directing a collimated beam of alpha particles through a thin gold foil. The researchers 

found that while most all of the alpha particles passed through the foil a few particles 

were scattered off the foil back in the direction of the incident beam. This simple 

experiment, which gave rise to the nuclear model of the atom, now finds practical 

application as an instrumental metht.. for determining the composition and thickness of 

materials. 

In the experimental method, a collimated beam of monoenergetic particles 

impinges perpendicularly into a target. For a thin target, most particles traverse the 

sample with only slightly altered path and reduced energy. The few particles that 

encounter target nuclei experience a change in energy and direction and are scattered in 

all directions. Figure 4.1. In the case of a thick target, most projectile particles lose 

energy and remain imbedded in the sample. Of those that encounter target nuclei, only 

particles which are scattered at angles >90= exit the sample and can, therefore, be 

detected. Thus, backscattering spectrometry relies on the secondary phenomenon—that 

where a particle undergoes an encounter with the nuclei of a target atom. By far, the 
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Figure 4.1. Scattering of incident particles from a target occurs in all directions. 
Only those particles scattered within the detector solid angle are observed in the 
resulting backscattering spectrum. 
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primary phenonenon exhibited by this experiment is that nearly all incident particles 

either pass through or are imbedded in the sample. In fact, the probability of a particle 

being backscattered from a target is less than one in 10"*: the probability of that panicle 

being detected is even less. 

There are four principles to Rutherford backscattering spectrometry that dictate 

the relationship of a target atom to a backscattered particle. First, the process must be an 

elastic, two-body collision, and is described by the kinematic factor. The scattering cross 

section describes the probability of a two-body collision between the projectile particle 

and the target atom. Third, as an impinging projectile traverses the sample, it loses 

energy; this relationship is described by the stopping cross section. Finally, some of the 

energy loss of a projectile is due to statistical fluctuations in the energy of the particle as 

it penetrates the target. These four concepts form the foundation of backscattering 

spectrometry. Interpretation of backscattering spectra, working equations and limitations 

on information that may be obtained from the spectra all derive from application of these 

concepts. Each is described in some detail below. 

4.1.1 Kinematic Factor 

The premise of backscattering spectrometry lies in the concept of an elastic, two-

body collision. To be considered elastic, the projectile energy, Eo, must be much greater 

than the binding energy of the target atoms, but Eo must also be low enough to preclude 

any nuclear reaction or resonance from occurring. Generally, for the typical 

backscattering experiment and depending on the projectile atom (typically alpha 

particles), an incident energy between 1.0 and 2.5 MeV is usually chosen. Note that 

much of the experimental work performed for this dissertation was conducted at an 
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oxygen resonance energy of 3.035 MeV. outside tiie energy range which may 

comfortably be considered to describe an elastic collision. 

The energy ratio of a particle after an elastic collision. Ei. to its energy before 

collision is defined as the kinematic factor, K where 

K = E,/Eo [Eq. 4.1] 

This relationship can be defined by applying the principles of conservation of energy and 

momentum. Consider an elastic collision between two masses. Mi and M:. where Mi is 

the projectile atom at initial velocity, vq and energy. Eo and M; is the target atom, 

initially at rest. After collision, the projectile atom (MO is scattered at some angle (0) 

and at a scattering energy and velocity of Ei and vi respectively. Likewise, the target 

atom recoils from the collision at angle 0 and at recoil energy and velocity E: and V2 as 

illustrated in Figure 4.2. 

Conservation of energy is represented mathematically by: 

= l w , v , =  + i M , v , =  [ E q . 4 . 2 I  

Conservation of momentum in directions parallel and perpendicular to the 

direction of the incident projectile atom are represented mathematically as, 

M,v'o = A/,v, COS0 + Af,V, COS0 [Eq. 4.3] 

0 = Af,v, sin0 + MjV, sin0 [Eq. 4.4] 

Assuming Mi < Mi and by eliminating 0 and vi, these equations can be combined 

to give a formula which mathematically describes the kinematic factor, K. 



Figure 4.2. Conservation of momentum for an elastic collision between a projectile 
atom of mass Mi with initial velocity and energy vq, Eo and a stationary target atom 
of mass M2. As a result of the collision, the projectile and target atoms recoil with 
final velocity and energy vi. Hi and vi, E2 respectively. 
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1 

- M," sin"0 j- + iV/, cosO 

M, + A/, 
[Eq. 4.5] 

From the preceding equation it is apparent that the kinematic factor is dependent only 

upon the masses of the projectile and target atoms and on the scattering angle. 0. It is 

important to note that K is at a minimum at 6 = 180®. Since the energy resolution is 

maximized by Eo » Ei (small K), it is desirable to place the detector as near 180= as 

practicable. Thus, most backscattering configurations place the detector near 170 = . It is 

also of interest to note that if Mi = M^, then K equals zero for all angles greater than 

90 =; therefore, backscattering can only occur when Mi < Mi. 

Considering Equation 4.1, the energy of a backscattered projectile atom after 

collision with a target atom on the surface of a sample is given by 

E, = KEo [Eq. 4.6] 

This relationship determines the leading (high energy) edge of a signal peak recorded by 

the detector and translated to the backscattering spectrum. Figure 4.3 illustrates this 

relationship for a thin film of AI2O3 on a carbon substrate. The leading edge of the 

aluminum peak occurs at KaiEq = Ei. The leading edge of the oxygen peak is shifted to 

lower energies because of its lower Kox value as predicted by Equation 4.6. Literature 

values of K can be found for target atoms at various detector angles, 9 (90); therefore. 
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Figure 4.3 Schematic representation of the backscattering spectrum for a thin AUOj 
target. The heavier element, aluminum, appears at higher energy (greater channel 
number). The leading edge of each peak is dictated by E=KEo. The backscattering 
yield for each peak is a function of the scattering cross section as given by Equation 4.9. 
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for a sample of known atomic composition, the energy of a projectile atom after 

backscattering from the surface of the sample can be determined. 

The relationship given by Equation 4.6 holds true for single and multielement 

compound films. For multilayered films or samples with impurities that occur at some 

depth below the surface. Equation 4.6 must be modified, as Eo represents the incident 

energy only at the surface of the sample. The peak leading edge for elements that occur 

below the surface will, therefore, be shifted to lower energies. Experimentally, it is 

desirable to confirm that the apparent leading edge energy does, indeed, result from 

surface backscattering. This is easily accomplished by tilting the sample with respect to 

the incident particle beam. The leading edge of a peak which results, in pan, from 

particles backscattered from the surface of the target will remain at Ei = KEo: however, 

the leading edge of a nonsurface target element will shift as the sample is tilted. 

For a multielement target, it is desirable to readily distinguish the energy of 

particles scattered from each target atom of different mass. When a substrate contains 

target atoms of similar mass (small AM:), it is desirable to effect a large energy 

difference. AEi. in the panicles scattered from target atoms M^a and M2b to ensure 

adequate peak resolution. This relationship is given by Equation 4.7 which describes 

mass resolution of a backscattering experiment. 

AE,=E^[A-5-)[m,I  {8 = K-d) [Eq.4.7] 
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Mass resolution may. therefore, be maximized by increasing the primary energy of the 

projectile atom. (Eo). increasing the mass. Mi. of the projectile and locating the detector 

at a scattering angle near 180 = . 

4.1.2 Scattering Cross Section 

The probability that a projectile atom will engage in an elastic collision with a 

target atom and the probability that the scattered projectile atom will be scattered to the 

detector is described by the differential scattering cross section, da/dI2. as represented in 

Figure 4.1. For a thin target of areal density Nt (atoms/cm"), if Q (p.C) is the total 

coulombic charge deposited on the target and dQ is the total charge which reaches the 

detector which subtends an area of solid angle dI2, then da/dH (cm"/sr) is given by the 

equation. 

f  I  \ {dQldQ.) 
da I  dQ = 

{ N t )  
[Eq. 4.8] 

For an elastic collision. da/dH is described by the Coulombic repulsion of the projectile 

and target nuclei which, for an experiment where Mi«M2, is given by the formula. 

da Z' 7  -7 Z\Z^e 
T ^ 1 

4E I sin"* 6 J 

1-((M, / Af2)sin0 ) 1'+COS0 

/ Af;)sin0)']' 

[Eq. 4.9] 

where Z\ and Z: are the atomic numbers of the projectile and target atoms of masses Mi 

and Ml respectively, E is the energy of the projectile atom at the moment before 
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scattering, and e is the electron charge. Values of scattering cross sections are tabulated 

in the literature (90). Note that E differs from Eq. as EO represents the energy of the 

incident projectile beam prior to impinging on the target surface. As scattering occurs 

from various depths within the target and as a projectile loses energy as it traverses the 

target, E equals EO only when scattering occurs from the immediate surface atoms of the 

sample. 

Considering Equation 4.9, several factors dictate the backscattering yield. First. 

da/dQ is proportional to the square of Ziand Z2. Thus, the probability of a scattering 

event to occur and be detected is greater when a larger projectile atom is used and with 

heavy target atoms. For most experiments, alpha particles are used as the projectile 

atoms (i.e. rather than 'H ions). This relationship also shows that backscattering 

spectrometry is more sensitive to heavier elements as illustrated by the backscattering 

spectrum for AI2O3 in Figure 4.3. The backscattering yield, translated to the y-axis on 

the spectrum is less for oxygen than for aluminum, even though the oxygen:aluminum 

ratio is 3:2. The relative yield ratio measured by the detector is approximately 

proportional to Gai/cJo. and to (Zai/Zq)" as predicted in Equation 4.9. 

Second, backscattering yield is inversely proportional to the square of the 

projectile energy and to the fourth power of sin 9. Backscattering yield increases as the 

projectile energy and 9 decrease. This result is in contrast to the relationships of Eo and 

9 to the kinematic factor ( Eq. 4.5) and mass resolution (Eq. 4.7) where large values of 

Eo and 9 are desirable to minimize the ratio of particle energy after an elastic collision to 
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the incident energy (small K) and to maximize the target mass resolution. .A.s such, 

compromises must be made to optimize the system to fit the limitations of the 

experiment. For example, an experiment to resolve the backscattering peaks of two 

heavy element isotopes requires that the mass and energy resolution of a system be 

maximized. That is. Mi. and Eo must be increased and a detector angle near 180=must 

be used. For an experiment where yield is the limiting factor (e.g. trace impurities in a 

light mass substrate), it may be desirable to decrease the incident energy and the detector 

angle to maximize yield. 

4.1.3 Energy Loss and Stopping Cross Section 

As a particle of incident energy Eo penetrates a sample of thickness, t, its kinetic 

energy decreases in proportion to the distance the particle traverses in the sample. The 

change in projectile energy per unit distance, dE/dx, is given by the equation 

where E(x) is the energy of the particle immediately before scattering. Figure 4.4 

illustrates the relation of dE/dx as a function of the kinetic energy of the incident particle. 

The function dE/dx is dependent on the incident energy, Eo, and mass. Mi, of the 

projectile atom and on the target density and composition. 

The relationship between dE/dx and scattering depth is is not an immediately 

measurable quantity; therefore, it is desirable to estimate Equation 4.10 as a linear 

[Eq.4.10] 
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function where dE/dx is constant along both the inward and outward particle paths. Two 

approximations are commonly employed to accomplish this. One approximation 

estimates dE/dx as the incident particle beam energy. Eo. at the surface of the sample, as 

indicated by the dotted line shown on the curve in Figure 4.4. This surface energy 

approximation fares well for very thin samples; however, the estimate degrades rapidly 

with a modest increase in sample thickness. For thicker samples, a more accurate 

estimate can be made by replacing dE/dx with the mean energy loss of the particle. In 

the mean energy approximation dE/dx is replaced by E = %(E+Eo), or more simply, E = 

Eo - ̂ 4AE,n. 

As a particle traverses a sample, it loses energy from encounters with target 

atoms; whether the particles are distributed over a dense area or a diluted area is 

irrelevant. However since the energy loss is expressed as a function of distance traversed 

by the incident particle, dE/dx will be greater for a dense target. Thus. dE/dx is 

inherently dependent on the atomic density of the target. The stopping cross section, e. 

accounts for the influence of atomic density. N. on dE/dx by, 

1 dE 
e = -- [Eq.4.11] 

and can be thought of as the specific energy loss per atom. In general, target stopping 

cross section values increase with larger target atoms, though this trend has notable 

deviations, particularly among transition elements. Stopping cross sections vary with 

incident energy, Eo, and generally exibit a maximum for each element between Eo = 0.8 

and 1.2 MeV. Stopping cross section values, in eV • cm" , can be found in the literature 
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Figure 4.4 Dependence of dE/d.x as a function of incident energy of the projectile 
atom. Eq. 4.10. Regions of the peak used for quantitative approximation of the 
backscattered spectrum are shown. These regions represent the surface and mean 
energies lost by an incident particle as it penetrates and is backscattered from the target. 
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(90); however, as tabulated values are based on a limited set of experimental parameters, 

they carry a larger uncertainty than when the stopping cross section is determined 

experimentally. 

If it is assumed that dE/dx is constant along the inward and outward paths. 

Equation 4.11 can be rearranged to represent the energy loss, AH. of a particle in the 

target medium by, 

AE = £Nt [Eq. 4.12] 

This equation is particularly useful in determining the energy loss or target thickness, 

depending on which parameters are known or experimentally measurable. 

For multielement samples, stopping cross sections are additive as given by 

Bragg's rule which states that the total stopping cross section of a compound of 

composition AmBn is given by 

^AmBn = [Eq.4.I3] 

thus, 

= FEq. 4.141 
I 

For a backscattered particle, energy loss occurs along the inward and outward 

paths, from an elastic collision with a target atom, and from random energy loss 

processes. The term energy straggling is used to describe the random energy fluctuation 

of initially monoenergetic particles traversing a target sample. The primary contributor 

to energy straggling is from encounters of the incident particles with target electrons. 

These fluctuations can be observed experimentally as peak broadening in spectra of very 



thin films. Some progress has been made to quantify the contributions of energy 

straggling to the energy loss of a panicle in a gas; however, energy straggling in a solid 

has yet to be quantified. Until such time when energy straggling is understood, this 

phenomenon ultimately places a limitation on the precision of energy loss measurements; 

in turn, mass and depth resolution are also limited. 

4.2 Analysis of RBS Spectra 

4.2.1 Determination of InP Concentration and Thickness from 1.892 MeV "^He"" RBS 

Spectra 

Several methods are available to extract quantitative and qualitative information 

about a sample from its resulting backscattering spectrum. For thin samples where 

backscattering peaks are well-defined, energy loss measurements are based upon peak 

area or width calculations. Bulk samples present a stepped backscattering spectrum and, 

therefore, area or width estimations are more difficult to interpolate, resulting in greater 

uncertainty. Thus, spectra of bulk samples are usually interpreted from the peak height 

rather than peak area or width. 

As discussed in Section 4.1, the surface energy approximation and the mean 

energy approximation are two mathematical approaches commonly employed to provide 

simple estimations to energy loss. Assumptions must be made with either 

approximation, thereby limiting the accuracy of the quantitative information obtained. 

To maintain simplicity and maximize accuracy, often both methods are employed in 

tandem. The more simple SEA is initially used to determine a first approximation to 
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some desired sample parameter, then the parameter calculated in the SEA is refined 

using the ME A. Subsequent iterations are conducted until the parameters converge to 

within reasonable values. The iterative method was used frequently in this experiment 

to refme coarse estimates initially determined with the surface energy approximation. 

The methods presented in subsequent paragraphs, which incorporate the basic principles 

introduced in Section 4.1. detail the mathematical analysis applied to interpretation of 

the indium phosphide backscattering spectra obtained in this experiment. 

4.2.1.1 Peak Integration Method 

In a backscattering spectrum, the total number of detected particles, A. 

corresponding to a spectrum peak is proportional to the number of incident particles, Q, 

and the areal density (Nt) of the target. 

AocQNt [Eq. 4.15] 

The number of detected particles is measured as the total number of counts, H, in the 

signal integrated over all channels, /, in which the signal is observed 

^ = [Eq.4.16] 
I 

where H, is the number of counts expressed as spectrum height by the equation 

2̂  (T{E,)QQNẐ  
A = YH,=- [Eq.4.17] 

, COS0, 

In Equation 4.17, for a particle beam incident on a target at angle 91, a is the 

scattering cross section at energy Ei just before scattering. The solid angle subtended by 
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the detector is given by and Q is the number of incident ions (in Coulombs) which, 

for a singly charged ion. is equal to the total charge deposited on the target. Q'. divided 

by the electronic charge (e). or Q = Q7e where e = 1.6 x 10"'^ C. 

In the surface energy approximation the assumption is made that the energy loss 

of a particle within the target is much smaller than the incident energy. Eo. of the particle 

beam. For very thin samples or as a first approximation for thicker samples, this 

estimate is reasonable and Equation 4.17 can be expressed in terms of Eo as 

This equation also incorporates the dead time ratio of the signal-counting electronics and 

a correction factor derived from an experimentally measured bismuth standard. For 

compound films with resolved peaks, the areal density (Nt) is calculated for each 

element from the experimentally measured individual integrated peak areas. 

Thus, the surface energy approximation provides a first-pass estimate for (Nt)^^'^. 

The SEA-determined areal density. (Nt)^^'^. is then used to calculate the mean energy, E. 

of a particle along the inward path by 

^ _ a(£o)Q(2^f 
•(DTR)iCF) [Eq. 4.18] COS0 

[Eq 4.19] 

where AEin = Eo - E is calculated using Equation 4.16 

The mean energy, E, is then used to calculate (Nt) by calculating the correction MEA 

factor for E with respect to Eo 
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(  E \  
[Eq. 4.20] 

F  V ^0 / 

Subsequent iterations are made as necessary using Equations 4.14. 4.19 and 4.20 to 

refine the calculated areal density. For samples where the density is known, calculation 

of sample thickness is straightforward. 

4.2.1.2 Peak Width Method 

Sample thickness can also be obtained from energy loss measurements. In the 

peak width method, energy loss, AEioss, is the total energy lost by a particle along both its 

inward and outward paths within the target. AEioss is measured directly from the 

backscattering spectrum as the peak width at half-height. Figure 4.5. Since the 

measurement must be interpolated from the spectrum, this method is inherently less 

accurate than the peak integration method. Also, the peak width method relies heavily 

on tabulated stopping cross section values which limit the accuracy to 3% - 5%. The 

leading and trailing edges of the example peak shown in Figure 4.5 are given by. 

Eir = K(Eo - AE,n) - AEout 

E,F = KEO [Eq 4.21] 

[Eq. 4.22] 

the total energy loss. AEioss, is 

AEioss = Eif - EIR [Eq. 4.23] 

therefore. 

AEioss = KAEin + AE out [Eq. 4.24] 
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Figure 4.5. Graphical representation of backscattering spectra obtained from b) thin 
and c) thick targets. In a thin target, the energy loss of the particle beam is 
deteimined from the peak width which reflects the energy difference between 
particles scattered from the front and back of the target as shown in a). The leading 
edge of each peak represents the energy of particles scattered from the surface. The 
height of each peak is proportional to the areal density of each element in the target. 
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An analogous way to illustrate this point. 

AE,n = Eo - E [Eq. 4.25] 

A E ou.  =  K E - E , [Eq.4.26] 

eliminating E and rearranging, 

AEioss = KEo-Ei = KAE,n + AEom [Eq. 4.271 

The change in projectile energy with penetration distance was given by Equation 4.10. 

By assuming constant dE/dx. Equation 4.10 is modified, using Equations 4.25 and 4.26. 

to account for energy loss contributions along the inward and outward paths to give. 

E  =  £ n - -
X dE 

cosd, dx [Eq. 4.28] 

£, =KE- X dE 
[Eq. 4.29] COS0; dx 

Equations 4.28 and 4.29 are combined, and E is eliminated to give an expression 

equivalent to Equation 4.27. 

_ ^ '  K dE \  dE '  
X [Eq. 4.30] = KE^ -E,= K dE 1 dE 

cosd ̂  dx COS0, dx o ut 

Average dE/dx values are tabulated in the literature (90); however, applicability is 

limited to use for single-element films. It is usually desirable, instead, to write Equation 

4.30 in terms of the stopping cross section, e, where 

[£]= AT 

cosd, 
• £ . .  +  •  

j 
COS0, 

[Eq. 4.31] 

The energy loss of a particle was given previously in Equation 4.12 as 

AE, = £ N t 
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therefore. 

(Nt) [Eq.4.32] 

In the surface energy approximation for a thin sample, the energy loss along the inward 

and outward paths is assumed to be small. By making this assumption, tabulated 

stopping cross sections. and Eom, are given at the incident energy of the particle beam 

(Eo) and at the target surface at scattering (KEo) respectively. Equation 4.32 then 

becomes. 

For thicker samples, the mean energy approximation provides a better estimate of [£] and 

Equation 4.32 is given by, 

where £in — Eo ^ ̂ E(oss and £out — Ej *4" ^ AEioss-

The stopping cross section factor, [£], for a compound film is calculated by 

summing the individual contributions to AEin and AEout from each element. Thus for a 

two-element compound sample, AE,n and AEom for element 'A' in compound 'AB' 

become. 

A£„„=[£„]A"= -^£(£.) + —!—£(*:£„) [Eq.4.33] 
cosa, cosa. 

[Eq- -'•34] 

A£'^^ t n [Eq. 4.35] 
COS0, COS0 
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= 
<1 ur 

£ •' ( a:, £ J( M), e ® tfs:, £o)(;Vr 

COS0, cosd.  [Eq. 4.36] 

therefore, the energy loss in element A is given by. 

A£,L = 
K_,£'{Eo)^£\K,E,)  

cos6, cosd^ 
+ • 

N. 

K^£^{E^ )^e^{K,Ea) 

cosd, COS0. 

[Eq. 4.37] 

The energy loss in element B is calculated in a similar fashion by transposing 'A' and 

'B' in Equation 4.37. It is important to note that in most cases A£,^„ • 

4.2.1.3 Peak Height Method 

Bulk samples present a stepped backscattering spectrum, which precludes 

effective use of the peak area or width methods. Figure 4.5. Stepped backscattering 

spectra are, therefore, interpreted using the peak heights. This analysis initially parallels 

the peak area method; however, the expression for integrated peak area. Equation 4.18, 

is given instead in terms of peak height. 

COS0, 
[Eq. 4.38] 

As in the peak integration method, the stoichiometry of a compound film or layered films 

of differing composition is obtained by determining the height ratio of the peaks. For 

indium phosphide this would give. 

^ P  _  ^  I n  ^ I n  

^ I n  ^ I n  ̂  P  ^ P  
[Eq. 4.39] 
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For a compound film, it follows that tin/tp= 1: however, for a multilayered film this ratio 

must initially be assumed or estimated. The scattering cross section ratio is calculated 

from tabulated values corresponding to the incident beam energy. Eo. in the surface 

energy approximation. Peak heights are interpolated by hand directly from the 

backscattering spectrum. Because of this, the peak height method introduces greater 

error than the peak integration or peak width methods, particularly when the steps are not 

well-defined. 

Once the surface energy approximation volume density ratio, Na/Nb. is obtained, 

the thickness ratio of a multilayered film can be determined in the mean energy 

approximation by solving Equation 4.37, used previously in the peak width method to 

calculate energy loss. 

COS0, 

, £\K,E,)  

cos 6 2 

+ 
(n "i 

B 

l^J 
'K,e\E,)  

cosO^ 
1 e\KsE^) 

cosd. 

COS0, cosd. 
+ 
(n ̂  

B K^e^Eo) 

COS0, COS0, 

Subsequent iterations are performed using Equations 4.39 and 4.40 until satisfactory 

values of Na/Nb and tA/ta are obtained. 

4.3.2 Analysis of RBS Spectra Obtained at the 3.035 MeV Oxygen Resonance 

As noted in Section 4.1.2 and from Equation 4.9, the typical RBS experiment 

lacks sensitivity for lighter elements. Backscattering signals from elements such as 

oxygen and phosphorus are substantially weaker than those of heavy elements and, when 

present in bulk heavy element-containing samples such as indium phosphide, signals 

from the lighter elements are buried in the yield continuum from the thick heavy element 
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substrate. Light elements are readily identifiable by RBS. however, if the energy of the 

incident ion beam is selected such that it occurs at a resonance energy of the light 

element of interest. Figure 4.6 shows the yield of "'He* backscattered from oxygen as a 

function of the incident beam energy (91). Strong enhancement of the backscattering 

yield occurs at several energies in the region shown. The greatest enhancement is 

realized at 3.035 MeV. For 3.035 MeV "^He* on oxygen, the enhancement due to the 

resonance is approximately 25 times that obtained at the standard incident energy 1.892 

MeV. Employing this incident beam energy, allowed backscattering spectrometry to be 

used for qualitative and quantitative measurement of the oxygen-containing layer on the 

indium phosphide samples. 

The backscattering spectrum of a sample at the oxygen resonance energy cannot, 

by itself, provide qualitative or quantitative information regarding the areal density, 

thickness or distribution of oxygen in the sample. In order to extract this information, 

the target oxygen resonance peak is compared to a standard, in this experiment a thin 

aluminum oxide film, of known composition and thickness. Sample and standard 

backscattering spectra are obtained and a quantitative comparison of the yield maxima is 

made. In this manner, the fraction of oxygen distributed in the indium phosphide single 

crystal was calculated. Procedures used to interpret backscattering spectra obtained at 

the 3.035 MeV oxygen resonance are detailed in the following paragraphs. 

4.3.2.1 Oxygen Fraction 

The oxygen fraction, Fq, in indium phosphide single crystals exposed to synthetic lung 

fluid was determined from the resonance yield ratio, R, of the oxygen backscattering 

peak from the indium phosphide sample to that of the aluminum oxide standard where. 
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Figure 4.6 Measured elastic scattering cross sections, with respect to the Rutherford 
cross sections, for "^He* on oxygen as a function of incident beam energy. Reprinted 
from Leavitt 1990 (91). 
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o 
[Eq.4.41] 

In Equation 4.41. Y is the integrated yield measured at the detector due to backscattering 

from oxygen in the indium phosphide crystal and the aluminum oxide standard. The 

yield ratio is analogous to the integrated area or height ratios of Equations 4.18 and 4.38 

and is expressed similarly as. 

The detector solid angle. Q, scattering cross section, a. dead-time ratio and correction 

factor are summed into constant. C'. Ab is the area of the particle beam on the sample, 

Tr is the thickness of the indium phosphide crystal covered by the resonance and No is 

the number of oxygen atoms per unit volume of sample. The product (AbNotR) 

represents the number of oxygen atoms in the resonating volume. 

The variable TR represents one of the primary differences between normal 

backscattering measurements and those made at the oxygen resonance energy. A typical 

backscattering spectrum results from detected particles backscattered from all depths 

within the sample. This is true as well for a spectrum obtained at a resonance energy 

with one major caveat. The oxygen resonance has a finite width; therefore, resonance 

enhancement occurs only from particles scattered from the sample thickness covered by 

the resonance width. Thus, although all backscattered particles are counted by the 

detector, only those resulting from the area covered by the resonance are enhanced. 

Particles backscattered from all other depths are comparatively minor contributors to the 

backscattering peak. This unique phenomenon allows depth profiling of the oxide layer 

on indium phosphide samples exposed to synthetic lung fluid. At the resonance energy, 

the primary backscattering contributions are from oxygen atoms in the surface of the 

[Eq. 4.42] 
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indium phosphide crystals. The oxide depth that is subject to resonance enhancement is 

dictated by the oxygen resonance width as shown in Figure 4.7. As the beam energy is 

increased beyond the resonance energy, the resonance cross-section is advanced to 

incrementally greater depths within the samples, thus providing an oxygen depth profile 

in the indium phosphide crystals. The relationship of the resonance width to InP-oxide 

depth is given by. 

In this equation. AER is the measured energy width of the resonance at half-height and 

dE/dx is the energy loss per unit distance traveled by the particle beam in indium 

phosphide defined previously in Equation 4.11 as. 

Combining Equations 4.42 and 4.43. the oxygen resonance yield in indium phosphide is 

expressed as. 

= 
[Eq. 4.43] 

n 

[Eq. 4.44] 

or by combining constants. 

y/rt/* ^  ̂  O  o [Eq. 4.45] 
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Figure 4.7. Measured '*He'-0 laboratory cross section near the 3.034 MeV '^O resonance 
at a scattering angle of 170.5 °. 
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similarly for the aluminum oxide standard. 

Yo'^-=C- °  

The resonance yield ratio, defined in Equation 4.41. can now be represented as. 

[Eq. 4.46] 

[Eq. 4.47] 
n F  

{dEidx),^ 

to simplify, define the contribution of the aluminum oxide standard as (As) where. 

J^AlzO, 
A. = ° [Eq. 4.48] 

Incorporating As into Equation 4.47, the yield ratio, R, is now expressed by. 

R = N InP 

No£o+Y.^n£n 
[Eq. 4.49] 

n *0 

rearranging. 

N R A  
° [Eq.4.50] 

n *0 

Further refinement is made by defining the term. e_, as the stopping cross section 

for all elements other than oxygen, in this experiment indium and phosphorus. 

£  = \ f e  f  =  
' fli' • '• [Eq.4.511 

n *0 
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Equation 4.50 then becomes. 

N'f _ RA^ e ,  

\ -RA,e 
n *0 

and the oxygen fraction (Fq) is defined as. 

[Eq. 4.52] 

r-inp RA,£!r'' 
" ~ No' Z ~ 1 + ̂  

n »0 

In this manner, the oxygen fraction in the indium phosphide single crystals was 

calculated. The yield ratio, R. was calculated directly from the experimentally measured 

integrated oxygen resonance yields from the indium phosphide sample and the aluminum 

oxide standard as discussed previously. Since the density of the aluminum oxide 

standard was known. A, was calculated using tabulated scattering cross section values 

for aluminum and oxygen at the resonance energy. The average scattering cross section 

for indium phosphide was calculated using Equation 4.53: however, the assumption was 

made that the fraction of indium and phosphorus was not changed by the addition of 

oxygen, that is fin = fp-

4.3.2.2 Axeal Density of Oxygen in Indium Phosphide 

There are two methods by which the areal density of oxygen, indium and 

phosphorus can be calculated. The first is based upon Equation 4.14 where. 

= (Ntfe'f+e' . - '  [Eq. 4.541 
n n *0 

but from Eqution 4.52, 
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n xO 

r V 

therefore. 

A£r = (A^rC^r + InP -InP ^l-RA^eo'  ^ 
RA, 

( N t t  'nP 
[Eq. 4.55] 

Equation 4.55 is rearranged to give the areal density of oxygen in the indium phosphide 

crystals by, 

(Ntif = RA, AE^ [Eq- ̂ -56] 

4.3.2.3 Indium and Phosphorus Densities in the Oxygen Region 

Indium and phosphorus areal densities were determined by inserting Equation 

4.56 into Equation 4.54 and solving in for (Nt)'^''. 

AE'f = e'fRA, ^ fEq. 4.571 
n *0 

therefore. 

iNl f  
n *0 

IzMlo 
^ InP 

InP ^ 

[Eq. 4.58] 

This method requires that the energy loss due to backscattering from oxygen, and the 

fraction of each element be known. If either of these variables is unknown a second 

method, which is based on the calculation given in Equation 4.53 for calculation of the 

oxygen fraction in indium phosphide, must be employed. Once the oxygen fraction and 

areal density are calculated as described previously, determination of the areal densities 

of indium and phosphorus is straightforward by solving Equation 4.53 in terms of 

(Nt)inP, 
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I  (Nt f  =  
n *0 

I _ f \  ^  ^  O  
r-lnP 
'O / 

(Ntt  'nP [Eq. 4.59] 

The oxygen areal densities in indium phosphide samples exposed to synthetic lung fluid 

were determined using Equation 4.56. Indium and phosphorus areal densities were then 

calculated with Equation 4.59. Since Equation 4.59 only provides a total areal density of 

all elements other than oxygen, it was assumed that neither element was preferentially 

depleted by the incorporation of oxygen into the indium phosphide crystal. 



90 

CHAPTERS 

SOLUBILITY STUDIES 

5.1 Experimental 

5.1.1 Indium Phosphide Single Crystals 

An indium phosphide single crystal was obtained from AT&T as a 5 cm diameter 

wafer cut at (100) —> 6°(110) with a measured density of 1.9 x 10" g/cm^. No attempt 

was made to clean or modify the native oxide layer present on the single crystal surface. 

The InP single crystal wafer was broken into nine smaller chips, each approximately 1 

cm", for the solubility study. 

5.1.2 Synthetic Lung Fluid (Gamble Solution) 

Gamble solution was prepared according to the procedure published by Diem (92). 

The components of the Gamble solution were added sequentially with stirring to 

approximately 900 ml of distilled, deionized water, (DDI), Table 5.1. A 95% C02/5% O2 

v/v gas mixture was bubbled through this solution at 150 mL/min for 1 hour. The solution 

was filtered first through an 8 fim filter followed by a 0.45 (im filter to remove any 

undissolved particles and the filters were washed with three 1 mL aliquots of DDI. At this 



Table 5.1. Composition of synthetic lung fluid (Gamble solution). 

g/L mM 

MgCl2»3H20 0.2036 1.55 
NaCl 6.0193 103.0 
KCl 0.2979 3.99 
Na.HPOa 0.1420 1.00 
Na2S04 0.0710 0.50 
CaCb-ZH.O 0.3680 2.50 
NaCH3C02«3H20 0.9533 7.00 
Na3C6H507»2H20 0.0968 0.33 
NaHCOj 2.6042 31.00 
HCl * 

* HCl added to give a pH of 7.4 after equilibrium with gas mixture. 
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stage, the pH of the Gamble solution was 7.09; the pH was raised to 7.41 with 1 M NaOH 

in order to approximate the physiological pH and then diluted to 1.00 L with DDI. 

5.1.3 Solubility Measurements 

The reaction vessels consisted of 125 mL wide-mouth Nalgene bottles fitted with 

rubber stoppers through which gas inlet and outlet tubes were inserted. A plastic bubbler 

was placed at the end of the inlet tube to provide an even distribunon of gas over the 

surface of the solution. The reaction vessels were covered with foil to exclude light and 

were secured upright in a water bath maintained at 37 °C. 

Sufficient Gamble solution was added to each vessel with a buret to give a ratio 

between solution volume and InP surface area of 45 cm^ to 1 cm". Each InP chip was 

wrapped loosely in thin cotton gauze and suspended with nichrome wire from the bottom 

of the rubber stopper; then each stopper was wrapped with teflon tape and placed tightly 

into the mouth of a reaction vessel. The gas inlets were adjusted to provide a gentle 

agitation of the solution surface by the 95% COi/ 5% O2 gas mixture which was bubbled 

at 120 mL/min through the solutions for 30 minutes each day. 

Eight indium phosphide chips were exposed to Gamble solution; the ninth chip 

was immediately stored in a desiccator for use as a blank. One chip was removed weekly 

from the solution, washed for 30 seconds with DDI, dried with Ni, and stored in a 

desiccator for analysis by XPS and ElBS. The reaction vessels containing the Gamble 

solution were sealed and frozen until analysis for indium. A blank containing only 
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Gamble solution was also subjected to the same environment; the pH of this solution was 

measured weekly to ensure that there was no fluctuation in pH during the course of the 

study. 

5.1.4 Surface Analysis of the InP Single Crystals 

5.1.4.1 X-ray Photoelectron Spectroscopy 

The InP single crystal surfaces were analyzed by x-ray photoelectron spectroscopy 

(XPS) with a Vacuum Generators ESCAlab MK II Photoelectron Spectrometer. The 

incident A1 Ka x-rays (1486.6 eV) were provided by an AI source operated at 300 W. The 

emitted electrons were detected at a pass energy of 50 eV, and the spectrum was scanned 

repetitively to improve the signal-to-noise ratio. The carbon Is peak at 284.6 eV was used 

as the reference for energy calibration (93). The atomic density ratios were calculated 

from the scattering cross sections of indium, phosphorus, and oxygen using Equation 3.1. 

No attempt was made to determine the true areas of the peaks. Angle-resolved XPS was 

performed at 9 = 10° and at 80° where 0 is the angle formed between the detector axis and 

the plane of the sample surface. Considering the effective inelastic mean free paths, these 

take-off angles correspond to electrons emitted from depths below the surface of the InP 

single crystal of approximately 15 A and 90 A respectively, (Eq. 3.2). 
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5.1.4.2 Rutherford Backscattering Spectrometry: 

Backscattering analysis of the indium phosphide near surface region was 

performed using a 6 MV Van de Graaff accelerator (High Voltage Engineering Corp.). 

The energies of the backscattered '^He'*' ions, which were normally incident on the sample 

were measured at a backscattering angle of 170.5° by a silicon surface barrier detector that 

subtended a solid angle of 0.78 msr and had a resolution of 15 keV. Depth profiling of 

oxygen was performed using the 3.035 MeV resonance in the inelastic scattering of alpha 

particles from '^O. 

Computer simulation was used for quantitative determination of oxygen content in 

these films. A description of the elemental composition of the target as well as 

experimental parameters such as detector solid angle, number of incident particles (derived 

from the collected charge), and "^He-O scattering cross sections at 3.035 MeV. Figure 4.6 

(91) was information that was input to the program. The program then divided the sample 

into layers and calculated the backscattering yield from oxygen as a function of incident 

beam energy. This calculation was absolute and did not require a standard for calibration. 

The layers were chosen to be much thinner (in energy loss) than the oxygen resonance 

width; for the indium phosphide samples analyzed in this study, ten layers, each about 2.5 

keV thick, were found to be sufficient. The program was checked against two AIiOs films 

with known thickness and was found to correctly simulate measured yield curves. 
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5.1.5 Determination of Indium in Gamble Solution 

The synthetic lung fluid was analyzed for indium by graphite furnace atomic 

absorption spectroscopy (GFAAS). The frozen samples were thawed, brought to room 

temperature and the volume measured to assure that no loss occurred during the course of 

the experiment. Due to the complex composition of synthetic lung fluid, it was necessary 

to separate the In^"^ species from the Gamble solution before analysis by GFAAS. This 

was accomplished by first digesting the samples with 2 ml conc. H2SO4 and hydrogen 

peroxide which was added dropwise throughout the digestion. The In^"^ was extracted as 

an ion pair of InCUTLJ^ where R4N^ is methyltricaprylammonium ion (Aliquat 336) into 

a mixture of hexane and methyl isobutyl ketone. The indium was then back extracted into 

the aqueous phase with a 5:5:90 v/v/v mixture of HN03:CH3C0OH:H2O (94.95). 

A calibration curve was obtained with indium standards prepared in Gamble 

solution and subjected to the same digestion and extraction procedure. An aliquot of a 

solution containing 1000 ppm each of PdCh and NH4H2PO4 was added as a matrix 

modifier to each of the extracted standards and samples. The optimum matrix modifier 

concentration in the samples was found to be 250 ppb. A 50 |il aliquot of each sample 

was pipened onto a graphite microboat; the microboats were placed on a teflon-coated 

drying tray and evaporated to dryness on a hotplate. The drying temperature was carefully 

maintained as low as possible in order to prevent sample loss by splattering. 

GFAAS analysis was performed on a Thermo Jarrel Ash Smith Hieftje 12 

spectrometer equipped with a Thermo Jarrel Ash CTF 188 controlled temperature furnace 
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atomizer fitted with a rectangular furnace cuvette that accommodated pyroKtic graphite 

microboat sample holders (No's 124544-04 and 041629-01). 

5.2 Results and Discussion 

5.2.1 Backscattering Spectrometry 

5.2.1.1 Interpretation of 1892 keV Random and Channeled Spectra 

The superimposed random backscattered spectra of 1.9 MeV "^He^ ions on the 

unexposed indium phosphide chip and the chip exposed to synthetic lung fluid for six 

weeks are shown in Figure 5.1. The indium and phosphorus signals are evident beginning 

near channels 902 and 617 respectively; no oxygen step near channel 419 is visually 

apparent in either sample owing to the low sensitivity of backscattering analysis for 

detecting low Z elements. The backscattered spectra of the unexposed InP sample is 

typical for a sample of infinite thickness; the signals for indium (ch. 901, 1647 KeV) and 

phosphorus (ch. 617, 1130 KeV) appear as steps with heights proportional to atomic 

number and are superimposed on a broad continuum covering the energy range scanned. 

The leading edge of the peaks corresponds to the energy of particles scattered from the 

uppermost surface of the indium phosphide samples. The leading edge backscattering 

energy is dictated by Ei = KEo (Eq. 4.1). In contrast, the six-week sample shows a 

decrease in the indium signal which indicates that a depletion of indium has occurred in 

the near-surface region. Due to the weak phosphorus signals, no determination can be 

made about the concentration of this element. However, upon enlargement of the 

phosphorus peak at channel 617, it was evident that the phosphorus signal has become 
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somewhat more rounded: this discontinuity suggests that the phosphorus atoms were also 

depleted from the surface. 

The random spectra of 1892 keV "^He" on indium phosphide shown in Figure 5.1 

illustrate the inherent poor sensitivity of RBS for detecting low atomic weight elements. 

Though phosphorus and indium are stoichiometrically equivalent in indium phosphide, the 

phosphorus signal is substantially weaker than the indium signal. This effect was 

quantitatively described in Section 4.1 which shows that the In/P scattering cross section 

ratio, and thus the signal intensity ratio (Eq. 4.9, for example), is proportional to (Zin/Zp)". 

The resulting indium backscattering signal is approximately 10 times that of phosphorus 

and 37 times that of oxygen. This effect severely restricts quantitative assessment of 

phosphorus and oxygen contributions to the RBS spectrum, particularly for bulk samples 

where individual peaks are not resolved. 

As no measures were taken to prevent native oxidation or other alteration in the 

surface of the indium phosphide crystal prior to use in this experiment, it was desirable to 

confirm the stoichiometry in the unexposed indium phosphide sample. Using the peak 

height method of Section 4.2.1.3. the P/In ratio was calculated to be 1.1 ± 0.2. The 18% 

uncertainty is attributed to the difficulty in measuring the indium and phosphoms peak 

heights. Though the uncertainty in the measurement is high, the near-unity ratio supports 

the assumption made throughout the experiment that no gross degradation of the crystal 

surface occurred prior to commencement of the experiment. 
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The depth to which indium was depleted in the sample exposed for six weeks to 

Gamble solution was estimated by applying the principles described in Section 4.2.1. The 

available methods of analysis allow direct calculation of indium areal density (Nt)in; 

however, to calculate depth, the volume density of indium must be known. It was. 

therefore, necessary to assume that the volume density remained constant throughout the 

experiment. From the backscattering spectrum shown in Figure 5.1. it is obvious that 

indium was depleted from the near surface region over the course of the experiment, hence 

the density is unknown in this region. This assumption, therefore, provided only a rough 

estimate of the depth that indium is depleted in the six-week exposure sample. For 

comparative purposes, both the peak integration and peak width methods were employed. 

As described in the analysis section, the surface energy approximation was initially used to 

generate a first approximation to areal density and affected depth. These values were then 

refined in the mean energy approximation for each method; two iterations were performed 

to produce the values presented in this paragraph. 

The depth scale of 1892 keV "^He"^ in indium phosphide was calculated for the 

unexposed crystal using the peak integration method. The integrated areas for several 

segments in the backscattering spectrum in the indium region spanning channels 800 to 

915 were obtained from the experimental data. The depth corresponding to each channel 

segment was calculated from the integrated areas and the indium phosphide stopping cross 

section as described in 4.2.1.1. The resulting depth scale is shown in Figure 5.2. Since 

the data used to calculate the depth scale were taken from the backscattering spectrum for 

the unexposed sample, the assumed indium phosphide atomic density on which the depth 
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Figure 5,2. Depth scale of 1.892 MeV ''He^ in indium phosphide. Figure 5.1 indicates a depletion of indium 
to approximately channel number 860 which corresponds to a depth of approximately 1238 Angstroms. 
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scale is based is reasonable. The backscattering spectrum in Figure 5.1 shows a depletion 

to approximately channel 860. Thus, from Figure 5.2. the depth in pure indium phosphide 

corresponding to the lower limit of the depleted region in the six-week exposure sample is 

1238 ± 62 A. The areal density (Nt) of indium and phorphorus in this region is (235 ±12) 

X lO'^ atoms/cm". 

By the peak width method, the estimated width of the depleted region and a 

refined calculation of the indium phosphide stopping cross section in the mean energy 

approximation (Eq. 4.34) were used to calculate the depth to which indium was affected in 

the six-week exposure sample. The depleted region extends to channel 860 which 

corresponds to a channel width of 42. Since the experimentally-derived energy per 

channel is 1.815 KeV/channel, the channel width corresponds to an energy loss of 76 

KeV. After two iterations, the areal density was calculated to be (249 ± 17) x lO'^ 

atoms/cm". The measured indium phosphide density was 1.9 x 10~ at/cm^ which 

correlates to a depletion depth of 1303 ± 86 A. This evaluation was. again, limited by the 

assumption that the near-surface volume density of the indium phosphide crystal was 

unchanged. As such, the depth calculated using this method is analogous to that of a pure 

indium phosphide crystal and, since the composition in this region is unknown, these 

results must be considered a rough estimate. 

The peak area and peak intensity methods agree within the outer range of the 

calculated uncertainty. These methods are best suited for thin films rather than bulk 

samples; therefore, the bulk nature of indium phosphide samples introduces a significant 
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limitation to the application of either method. Also, it is obvious from Figure 5.1 that the 

volume density in the indium phosphide surface decreased during the course of the 

experiment. Hence, the calculated thickness of the depleted region by both methods is 

likely overestimated. 

Channeling is a useful backscattering spectrometry application that provides 

information about crystalline defects and impurities. A perfect crystal can be oriented so 

that the underlying atoms in the lattice structure are aligned directly behind surface atoms 

in the lattice. If oriented correctly, the underlying atoms are effectively screened by the 

surface atoms. In a random backscattering spectrum, the crystal is oriented so that 

theparticle beam encounters the maximum number of atoms in the sample. In contrast, a 

channeled spectrum is obtained when the crystal is aligned so that the minimum number of 

atoms are encountered by the incident particle beam. In the latter configuration, the 

impinging particle beam encounters predominantly the interstitial spaces in the crystal 

lattice rather than the atoms comprising the crystal. Since the substrate background is 

significantly reduced, impurities in the lattice interstitial spaces are readily detected. 

The channeling technique was used to qualitatively assess the effect of exposure to 

Gamble solution on the indium phosphide surface. Oxide formation on a crystal will 

introduce discernible changes in the channeled backscattering spectrum. Figure 5.3 

shows the channeled backscattering spectrum for the unexposed and the six-week indium 

phosphide samples. The channeled spectrum from the unexposed sample exibits a sharp 

peak, approximately 80 keV wide at channel 902. As in the random spectrum, this 
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channel corresponds to 1892 KeV "^He" particles backscattered from indium atoms in the 

first atomic layers of the crystal. This peak immediately degrades to a broad continuum 

characteristic of scattering from greater depths in the crystal. Contributions to the 

channeled spectrum from phosphorus are barely discernible near channel 600. 

Considering the channeled spectmm for the indium phosphide crystal exposed to 

Gamble solution for six weeks, several distinctions are visually apparent. The surface 

indium peak which was sharp and which rapidly degraded to near baseline in the 

unexposed sample spectrum, is in the six-week sample spectrum, significantly broadened 

to a width of approximately 25 keV. The continuum is also notably changed. In contrast 

to the unexposed sample spectrum, the six-week indium surface peak signal does not 

decline to near background, and the slope of the continuum also markedly increased. Both 

trends are indicative of increased disorder in die interstitial spaces of the indium phosphide 

crystal lattice and are consistent with the presence of an amorphous surface layer and/or 

impurities in the interstitial lattice spaces. 

5.2.1.2 Depth Profiling of Oxygen by Resonance Enhancement 

5.2.1.2.1 Qualitative Interpretation of the 3.035 MeV Spectra 

As discussed previously, conventional RBS is inherently insensitive to elements of 

low atomic number, such as oxygen. The basic problem with using "'He'*" backscattering 

for detecting oxygen in a matrix containing heavy elements (e.g. indium) is that the 

oxygen signal is superimposed on a high-count-rate signal caused by scattering from the 

heavy element matrix. In almost all cases for the InP samples considered, the oxygen 
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backscattering signal is not detectable at the typical backscattering energy (1.9 MeV); 

however, the sensitivity of backscanering spectrometry to oxygen is greatly enhanced 

when a resonance at 3.035 MeV in the elastic scattering of "^He"^ by '^O is employed. This 

resonance is approximately 11.5 keV wide and has a peak backscattering cross section 

about 25 times greater than the Rutherford value at that energy as shown in Figure 4.6 

(91). Resonance backscattering is therefore a sensitive method of obtaining the oxygen 

profile in the near-surface region of indium phosphide. 

An example of a backscattering spectrum at an off-resonance energy (3015 keV) is 

shown for the sample with the highest oxygen content (the sample exposed for eight 

weeks) in Figure 5.4a. Figure 5.4b shows the corresponding spectmm at 3040 keV. which 

is just above the resonance energy. The small peak just below channel 3(X) is caused by 

scattering of "^He"^ by oxygen near the sample surface. The scattering from surface indium 

and phosphorus appears at approximately channels 700 and 480 respectively, as predicted 

by Equation 4.1. 

The oxygen content as a function of depth below the InP crystal surface was 

obtained by measuring the yield in the oxygen peak as a function of incident "^He"^ energy. 

At the resonance energy. 3.035 MeV, enhanced scattering occurs for oxygen present at the 

surface of the InP sample. The incident beam energy was then raised beyond the 

resonance energy. The 3.035 MeV resonance now occurs at an increased depth below the 

surface. Thus, enhanced scattering now occurs from oxygen present in this deeper region 

and the resulting signal reflects the oxygen at this depth in the InP single crystal. In this 

manner, a "depth profile" of oxygen content was obtained. 
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The results of this procedure are shown in Figure 5.5 for InP samples exposed for 

five through eight weeks. Little to no oxygen signal was observed in samples exposed for 

zero to three weeks, indicating that oxidation during the early weeks of the experiment 

was below the sensitivity of this method. Thus, the oxide layer was less than 

approximately 500 A thick at less dian five weeks exposure to gamble solution. The 

uncertainties of the observed yields were quite large due to the large background which 

was subtracted from the small observed peaks. The width of the yield curve ranges from 

about 27 to 37 keV for samples exposed to Gamble solution for six through eight weeks. 

The stopping power of InP for the "^He"^ beam was calculated to be approximately 24 eV/A 

from the density of InP and the tabulated stopping cross section values of 3.035 MeV "^He"^ 

on indium and phosphorus. Based on the calculated stopping power of 24 eV/A and the 

measured energy width, samples exposed for five to eight weeks contained an oxide layer 

between approximately 1000 A to 1400 A thick. The uncertainty in thickness of the 

oxygen-containing layer was ± 20 %. The minimum depth resolution is defined by 5x = 

r/(dE/dx) where F is the resonance width and dE/dx is the stopping power. Since the 

oxygen resonance is 11.5 keV wide, a stopping power of 24 eV/A corresponds to a depth 

resolution of approximately 480 A. Because the oxygen-containing layer averages about 

1200 A, it was impossible to discern details of the oxygen distribution in the surface region 

of these samples. Hence, only a rough measure of the oxygen content and an estimate of 

the oxygen penetration depth was obtained by this method. 
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Figure 5.4. Backscattered spectra of InP in Gamble solution (a) at an off-resonance 
energy of 3.015 MeV and (b) at 3.040 MeV. The enhancement of the oxygen signal 
at about channel number 300 can be seen in the spectrum taken at 3.040 MeV. which 
is just above the oxygen resonance energy. 
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The yield maxima near 3.040 MeV. plotted as a function of exposure time in 

Figure 5.6. indicate that the oxygen content in the InP crystal surface was significantly 

enhanced as the exposure time to synthetic lung fluid increased. It is noted that data 

collected for the four-week sample was anomalous for all analyses and was well above the 

trends observed in the oxygen profile of all samples. Although the faces of the crystals 

that were exposed to the "^He"^ beam were clearly marked, it is conceivable that the four-

week sample was inverted at some point during the course of the experiment. This 

anomalous behavior was observed in the XPS results as well. 

5.2.1.2.2 Determination of Oxygen Fraction and Areal Densities 

The methods presented in Section 4.2.2 were used to determine the oxygen 

fraction, areal and atomic densities in the indium phosphide samples exposed to Gamble 

solution for five through eight weeks. Results of these calculation are presented in Table 

5.2. During this time period, the oxygen content in the near surface region increased from 

59c at five weeks to 18% at eight weeks. The oxide thickness was determined from peak 

FWHM and ranged from approximately 1000 A to 1440 A. 

5.2.1.2.3 Determination of Indium and Phosphoms Densities in the Oxygen Region 

The indium and phosphoms areal densities were calculated from the oxygen data 

using Equation 4.59. A depleted region in the indium signal was observed in the 1892 

keV spectra; therefore, it was predicted that indium and phosphorus areal densities would 

be notably reduced from those of the pure crystal. Because the distribution and 
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concentration of both indium and phosphoms were unknown in the oxidized near-surface 

region, to perform the calculation it was necessary to assume that indium and phosphoms 

were depleted from the indium phosphide crystal surface in equal amounts. 

Results of this calculation are presented in Table 5.2. In nearly all samples, the 

calculated atomic volume density was within the uncertainty for the atomic volume 

density of the pure indium phosphide crystal (1.91 ± 0.11 x 10" atoms/cm^). Because it 

was necessary to assume that the atomic denisty of InP remained constant in the first 

approximation, these results appear to contradict the phenomenon observed in the 1892 

keV random spectra where a definite depletion of indium was observed to a depth of 

approximately 1250 A. Considering the calculated atomic volume densities presented in 

Figure 5.2. a definite trend is evident for samples exposed between five and eight weeks. 

In this time period, the calculated atomic volume density of indium decreased by 14%. 

Thus although the calculated atomic densities for each sample, when compared directly to 

the measured density of the pure InP crystal, do not support the prediction that indium was 

depleted from the crystal surface during the course of this experiment, the relative percent 

decrease in atomic volume densities between weeks five and eight substantiate the trend 

observed in the 1892 keV spectra. 

5.2.1.2.4 Computer Simulation of the 3.035 MeV Spectra 

Computer simulations were used to provide a better idea of the oxygen content in 

the oxygen-containing layer. Satisfactory simulations for samples exposed for six through 
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eight weeks were obtained assuming a 1000 A oxygen depth distribution and uniform 

oxygen areal density. An example of the computer-simulated oxygen peak is shown in 

Figure 5.7 for sample InP-8. A 500 A layer thickness provided the best fit for the InP 

sample exposed for five weeks. Figure 5.8; the oxygen depth for samples exposed for less 

than four weeks could not be determined by this method. Using the results of the 

computer simulations, the oxygen content in this near-surface region was found to steadily 

increase from 10 % in the sample exposed to Gamble solution for five weeks to a 

maximum of 24 % at eight weeks exposure. Table 5.3. At exposure times less than four 

weeks, the oxygen content of the InP samples could not be determined. A reasonable 

upper limit, however, is that the 1000 A surface layer of these indium phosphide crystals 

contains 10% oxygen. 

5.2.2 X-ray Photoelectron Spectroscopy 

5.2.2.1 Comparative Analysis of XPS Spectra 

X-ray photoelectron spectroscopy was employed in an attempt to obtain a better 

elemental profile of the near-surface region of the indium phosphide crystals. XPS is more 

sensitive and gives a better elemental profile than RBS of the uppermost 100 A of the 

crystal surface. Furthermore, depth profiling of this uppermost surface region was 

possible by changing the angle formed between the electron analyzer and the plane of the 

sample surface. 

XPS spectra in the Ols, P2p and In3d regions for the as-received indium 

phosphide single crystal are shown in Figures 5.9 - 5.11. Considering the presence of 
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Figure 5.7 Computer-simulated RBS oxygen resonance peak (dotted line) of indium 
phosphide exposed to synthetic lung fluid for eight weeks. The simulated output was 
based on an estimated 1000 A oxide layer containing 120 x lO'^ atoms/cm" oxygen and 
assumed equal atomic densities of indium and phosphorus (190 x lO'^ atoms/cm"). 
The solid line represents the measured signal for oxygen near 3.040 MeV. 
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Figure 5.8 Computer-simulated RBS oxygen resonance peak (dotted line) of indium 
phosphide exposed to synthetic lung fluid for five weeks. The simulated output was 
based on an estimated 500 A oxide layer containing 20 x lO'^ atoms/cm* oxygen and 
assumed equal atomic densities of indium and phosphorus (95 x lO'^ atoms/cm"). The 
solid line represents the measured signal for oxygen near 3.040 MeV. 



Table 5.2. Calculated results of oxygen depth profiling at the 3.034 MeV oxygen resonance. 

Weeks Oxygen YO(AIO<) Y(KlnP) Yield Oxygen (Nl)o (N)o (Nt),„=(Nt)p (N),„=(N)p Thickness 

exposed FWHM Kiitio I'raclion X 10" X 10'" X 10" X 10"' (A) exposed 

(R) (F,.) at/cm' Bl/cm' al/cni' ai/cin' 
(A) 

5 27 21000 880 0.042 0.050 22 1.96 209 209 1000 

6 28 21000 1660 0.079 0.092 42 3.7 207 198 1050 

7 31 21000 2870 0.137 0.153 81 6.4 224 190 1180 

8 37 21000 3515 0.167 0.183 117 7.8 261 181 1440 



Table 5.3. RBS computer simulated best fit results for oxygen, indium and phosphorus 
in indium phosphide crystals exposed to synthetic lung fluid for five to eight weeks. An 
oxide layer depth of 500 A was adequate for the sample exposed for five weeks, whereas 
a 1000 A oxide layer depth provided the best fit for the six to eight week exposures. 

week 
number 

(Nt)o 
(x lO'^ at/cm") 

(Nt)ta=(Nt)p 
(X 10'^^ 
at/cm") 

percent 
oxygen 

5 20 95 10 
6 55 190 13 
7 95 190 20 
8 120 190 24 
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an Ols peak in the unexposed InP sample, it is apparent that the as-received crystal 

contained a native oxide layer at least 90 A thick. The Ols peak at 532 eV is slightly 

asvTnmetrical and a small shoulder is present near 534 eV. Figure 5.9. This result is 

expected since binding energies of InP-oxides encompass a narrow energy range of only 

1.3 eV, Table 3.1. The presence of P2O5 was discounted from the Ols spectrum alone, as 

no discernible peak at 533.7 eV was present. Although some researchers have reported 

the presence of P2O5 in some InP-oxides, the transition from an oxidation state of "3 to "^5 

is highly unfavored except under vigorous oxidation techniques. 

The primary feature of phosphorus P2p region is the contribution from 

phosphorus in InP at 128.6 eV, Figure 5.10. A weak indium In4s peak is also apparent 

at 123 eV. The most interesting feature of the P2p region is the InP-oxide peak at 133.3 

eV. This peak is notably enhanced in the spectrum obtained at the surface sensitive 

angle, suggesting that there may be an increase in phosphorus character to the surface 

oxide. Figure 5.12. Often this peak has been ascribed to InP04; however, formation of a 

stoichiometrically defined oxide is suspect. No assistance in interpretation was obtained 

from the In3d doublet. Figure 5.11. As in the Ols peak. In3d In-oxide binding energies 

are not readily resolved (b.e. <1) from the In3d doublet from InP. Considering the 

similarity of the binding energies associated with these oxides, a more general description 

of this oxide may be practical. Taking this approach, the oxide may reasonably be 

considered as containing contributions from both indium and phosphorus, though absolute 

assignment of stoichiometry is not possible. 
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At eight weeks exposure, no qualitative changes to the Ols peak were visually 

apparent. The InSds^ peak remained symmetrical: however, the FW'HM increased 

slightly. In contrast, significant changes to the P2p region occurred. Figure 5.13. The 

InP phosphorus peak was diminished with respect to the as-received InP crystal, 

indicating a decreased contribution from indium phosphide in the oxide layer. A 

corresponding increase in the InP-oxide character of the overlayer was evident at 133.3 

eV. This peak steadily increased in intensity throughout the course of the experiment. As 

in the unexposed sample, the P2p InP-oxide peak was more pronounced at the surface 

sensitive angle. By eight weeks, the intensity of the InP-oxide peak in the top 15 A of the 

oxide layer nearly matched that of the InP phosphorus peak. Figure 5.14. Another 

interesting phenomenon was the appearance of a peak at approximately 140 eV, outside 

the P2p region for nongaseous phosphorus-containing compounds. Initially it was 

assumed that this peak could be attributed to one of the components of the Gamble 

solution. This theory was discounted after comparison to tabulated binding energies for 

these compounds. In the RBS channeling experiment a signal at 1452 KeV (channel 795), 

attributable to the zinc dopant, was observed. Figure 5.3. Evidence of zinc was also 

detected in the XPS spectra, which exibited peaks at 1045. 1021, and 140 eV, all 

characteristic zinc binding energies. 

Several other XPS peaks were detected. One of the primary concerns in 

performing surface analysis as part of this experiment was that deposition of the 

components of the aqueous media would predominate, leaving a surface reflective of the 
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Figure 5.9. Oxygen 0-ls region of the as-received indium phosphide single cr\'stal. 
The XPS spectrum was obtained at a detector angle of 80° with respect to the InP 
surface, resulting in an emission depth of approximately 90 A. 
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Figure 5.10. Phosphorus P-2p region of the as-received indium phosphide single 
crystal. The XPS spectrum was obtained at a detector angle of 80° with respect to 
the InP surface, resulting in an emission depth of approximately 90 A. 
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Figure 5.11. Indium In-3d region of the as-received indium phosphide single crystal. 
The XPS spectrum was obtained at a detector angle of 80° with respect to the In? 
surface, resulting in an emission depth of approximately 90 A. 
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Figure 5.12. Phosphorus P-2p region of the as-received indium phosphide single 
crystal. The XPS spectrum was obtained at a detector angle of 10° with respect to 
the InP surface, resulting in an emission depth of approximately 15 A. 
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Figure 5.13. Phosphorus P-2p region of the indium phosphide crystal e.xposed to 
Gamble solution for eight weeks. The XPS spectrum was obtained at a detector 
angle of 80° with respect to the InP surface, resulting in an emission depth of 
approximately 90 A. 
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Figure 5.14. Phosphorus P-2p region of the indium phosphide crystal exposed to 
Gamble solution for eight weeks. The XPS spectrum was obtained at a detector 
angle of 10° with respect to the InP surface, resulting in an emission depth of 
approximately 15 A. 



Gamble solution rather than of the indium phosphide. That deposition of components of 

the Gamble solution occured to at least some extent is likely. Yet. of the XPS peaks that 

formed over the course of the experiment, none were absolutely identifiable as arising 

from the aqueous media. Of these peaks, the strongest were attributable to metals 

including zinc, copper, and potentially iron and tin. Other than zinc, the source of these 

metals is unknown. It is also important to note that, by far. the most prominent feature of 

the XPS spectra throughout the experiment was the In3d doublet. That indium was still 

observed at the surface, even after the formation of an oxide layer at least 1000 A thick is 

remarkable and suggests that the indium may be diffusing through the oxide layer. The 

presence of an InP-oxide at the surface also indicates that the oxide does not form an 

absolute protective layer on the InP surface. 

5.2.2.2 Determination of Atomic Ratios 

The indium 3d?;; (443.6 eV). phosphorus 2p (128.3 eV), and oxygen Is (531.2 eV) 

peaks were monitored and the peak ratios were calculated according to Equation 3.1. 

Figure 5.15 shows the relation of 0:P and 0:ln peak ratios as the exposure time to 

synthetic lung fluid was increased. The 0:P and 0:ln ratios increased rapidly after the first 

two to three weeks of exposure to synthetic lung fluid. Measurements of 0:ln and 0:P 

atomic ratios were made at take-off angles of 10° and 80° (=15 A and 90 A respectively) 

in order to obtain a comparison between surface and near-surface elemental composition. 

The 0:ln and 0:P ratios obtained at the surface-sensitive angle are initially greater than 



126 

the ratios obtained when the detector was oriented to monitor electrons being emitted from 

the subsurface region. This effect is more pronounced for the 0:P ratios than the 0:ln 

ratios and indicates a possible depletion or dilution of phosphorus at the surface of the InP 

single crystal. These results show that the InP single crystals have a surface region initially 

rich in oxygen. At lengthened periods of exposure to Gamble solution however, further 

oxidation of the entire oxygen-containing layer occurs as illustrated by the steep rise in the 

0:P and 0:ln curves in Figure 5.15. By eight weeks, 0;P and 0:ln ratios in the surface 

and near-surface regions of the oxide layer become similar and the curves in Figure 5.15 

begin to coalesce. This confirms that the oxygen-containing layer of the InP single crystals 

was chemically altered by the Gamble solution; this layer became enriched in oxygen and 

notably more homogeneous during the course of the experiment. The P:In ratios were also 

calculated; these ratios, however, remained relatively constant in all samples indicating 

that these elements dissolved in the Gamble solution in similar concentrations. 

5.2.3 Analysis of Gamble Solution for Dissolved Indium 

The samples containing Gamble solution exposed to the indium phosphide single 

crystals were analyzed for total indium by GFAAS. Trace levels (<15 ppb) of indium 

were found in the Gamble solution samples exposed from zero to three weeks; beyond 

three weeks, indium levels increased to a final concentration of 60 ppb in the eight-week 

sample. This result confirms the conclusion that was reached from the RBS results that 

indium was in fact depleted from the surface of the InP crystal and was not merely diluted 
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by the formation of surface oxides. Because phosphate is a major component of the 

Gamble solution, it was impossible to confirm experimentally whether phosphorus was 

also leached out from the surface; however, because the P;In ratios obtained by XPS 

remained relatively constant and because the 0:ln and 0:P ratios were similar, it appears 

likely that phosphorus was leached by the Gamble solution. 

5.3 Conclusions 

This smdy has shown that a complex dynamic interaction occurs when indium 

phosphide is exposed to synthetic lung fluid. By six weeks an oxide layer approximately 

1000 A thick formed on the surface of the indium phosphide crystals. XPS spectra showed 

that the oxide layer was comprised of a matrix that include In-P-0 bonds. The exact 

composition of the oxide layer could not be determined from these experiments. The 

oxide layer did not, therefore, result merely from deposition of the synthetic lung fluid. 

Indium was depleted from the surface of the indium phosphide crystals. 

Dissolution continued throughout the experiment. Indium and phosphorus ratios remained 

relatively constant indicating that the solubility of indium and phosphorus in Gamble 

solution was similar. These results provide several notable conclusions regarding the 

nature of the oxide layer on indium phosphide crystals exposed to synthetic lung fluid. 

The oxide layer does not appear to provide a protective barrier to dissolution of indium 

phosphide. On the contrary, the dissolution pattern suggests that the processes involved in 

the formation of the oxide may actually mobilize indium from the surface. Thus, erosion 

of the indium phosphide surface may be facilitated by the oxidation process. 
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No evaluation was made as to the specific namre of the dissolved indium: 

however, considering the near neutral pH of the synthetic lung fluid, a hydrated indium 

oxide or indium hydroxide is the most likely result. In our previous work. GaAs was 

found to dissolve in Gamble solution to give arsenic levels approaching 1 ppm after 

exposure periods of only ten days. In this study, indium phosphide was found to dissolve 

at a much slower rate; however, the obser\'ed trends presented herein support the 

conclusion that the solubility of indium phosphide increases with time. 

In an industrial environment, the predominant form of exposure is through 

inhalation of InP particulates, and repeated long-term exposure is likely to occur. It has 

been demonstrated that particulates which are not cleared from the lung during die first 

few days after exposure lend to remain in the lungs indefinitely. Furthermore, nonionic 

indium complexes are known to be retained in the lungs for longer periods than ionic 

forms. Considering these factors, accumulation of indium in the lungs is a realistic 

possibility. A contaminant's solubility is the limiting factor for absorption from the lungs 

into the blood stream. Although indium phosphide appears to be relatively stable 

compared to gallium arsenide, the potential for dissolution is substantially increased by the 

enormous surface area of minute indium phosphide particulates. Thus, long-term 

exposure and accumulation of clearance-resistant indium phosphide particulates coupled 

with increased solubility with time may produce chronic local and systemic toxic effects. 

No chronic smdies are available for reference; however, based upon known 

interactions of the lungs and dieir phagocytic defense mechanisms with other low-

solubility particulate materials, the potential for toxic effects within the lungs should 
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significantly outweigh systemic toxicity. Respiratory effects such as pneumonia, fibrosis, 

edema and increased lymphatic activity are likely to be observed before systemic effects. 

Except at high exposures, symptomatic signs of indium poisoning may not occur or be 

readily detected. To this end, a respiratory protection program should be implemented for 

workers in industries that produce indium dust. 
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CHAPTER 6 

INTRODUCTION. PART n 

6.1 Impetus for Speciation of Arsenic 

6.1.1 Overview 

Of all arsenic compounds, four are considered to be the most important from 

environmental and toxicological perspectives. Trivalent and pentavalent inorganic 

arsenic, henceforth referred to as As HI and As V respectively, are the primary forms of 

arsenic found in the environment and are the most toxic commonly-encountered arsenic 

species. Methylation of inorganic arsenic is the most widely observed biotransformation 

process. Methylated arsenic, as methylarsonic acid (MMA) and dimethylarsinic acid 

(DMA) are common metabolic end products formed by some plants, microbes, bacteria 

and algae. Mammals also biotransform inorganic arsenic to MMA and DMA. In 

humans, this process is considered to be a natural detoxification mechanism against 

arsenic poisoning. 

The following synopsis alludes to the importance for developing techniques that 

allow speciation of arsenic. Once in the body, arsenic toxicity and the metabolic 

interactions of arsenic in the body are govemed by the species introduced. The ability of 

the body to efficiently metabolize and eliminate arsenic is highly dependent on the 
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species. Many organic arsenic species harmlessly pass through the body unabsorbed. In 

contrast, inorganic trivalent arsenic is highly toxic; its reponed lethal dose in humans is 1 

- 4 mg/kg. MMA and DMA, the metabolic detoxification products of inorganic arsenic, 

are up to 900 times less toxic (97). 

The specific interactions and metabolism of arsenic in the body are not well-

understood. To this end, it is highly desirable to monitor arsenic biotransformation. 

The natural detoxification process for inorganic arsenic occurs through methylation. In 

order to monitor this process. As HI, As V, as well as the methylated species MMA and 

DMA must be measurable at part-per-billion levels. Historically, arsenic toxicity studies 

were the driving force behind development of an analytical technique for speciation of 

arsenic. 

From an environmental perspective, the fate of arsenic must be considered a 

dynamic process. Natural erosion processes release soil-bound arsenic into the 

environment. Arsenic is also introduced into the environment from anthropogenic 

sources. Regardless of the release mechanism, natural or anthropogenic, arsenic is 

integrated into the complex biogeochemical cycling processes. In order to understand the 

transformation, distribution and occurrence of arsenic in the environment, it is necessary 

to know the species present. Inevitably most arsenic is eventually leached to surface or 

ground water. There, an equilibrium is established with contact soil and sediment 

surfaces. Of specific importance, therefore, is the need to understand soil-water 

partitioning processes. 



Today, most deleterious exposure to arsenic is through ingestion of contaminated 

drinking water. Many documented cases of arsenic poisoning have occurred throughout 

the world. One of the most well-known and best-studied are the occurrences in Taiwan 

of blackfoot disease which is characterized by severe circulatory depression in the 

extremities, ultimately leading to gangrene. Drinking water for the exposed population 

contained as much as 800 ppb arsenic (97). Documented poisonings due to groundwater 

arsenic have occurred in Chile, Mexico, Washington State and in Minnesota. Trace 

amounts of arsenic are commonly found in ground and surface water. Arsenic occurs in 

56% of U.S. public water distribution systems. It is estimated that about 30% of the 

population consumes water containing > 2 ppb arsenic (98). 

In the U.S., ground water arsenic varies by region, with the highest concentrations 

occurring in the western and southwestern states. Arsenic concentrations of up to 40 

mg/L have been detected in some parts of these regions. Highest concentrations are 

generally detected in private wells and in municipal systems that serve small 

communities. In some of these cases, the source appears to be naturally occurring 

arsenic derived from geologic materials with high arsenic content (99-103). 

The current Environmental Protection Agency Maximum Contaminant Level 

(MCL) for arsenic in groundwater is 50 ppb. This MCL was established under the Safe 

Drinking Water Act of 1974 and is based upon the link between arsenic and skin cancer 

(104). Since this time, the EPA has reevaluated the carcinogenicity data upon which the 

current MCL is based. As a result, the EPA is likely to propose a revised MCL that is 
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based upon a skin cancer risk of 1 in 10.000; the resulting proposed MCL may be as low 

as 2 ppb (98,105.106). 

Most drinking water sources are below even the 2 ppb level. Those that are not. 

however, may be subject to costly pretreatment system modifications to reduce arsenic, 

and it is uncertain whether current technology can reduce arsenic to below 2 ppb. Private 

industries in areas where arsenic is present in groundwater may ultimately bear the onus 

of proving that industrial processes are not the source of groundwater arsenic. Hence, if 

the MCL is lowered, the ability to distinguish between anthropogenic and naturally 

occurring arsenic may become of paramount importance. 

6.1.2 Environmental Considerations 

6.1.2.1 Uses 

Historically, arsenic is known to have been used as early as 2000 B.C. (105). 

During this time, arsenic compounds have found many practical applications including 

use in drugs, pesticides, herbicides, pigments, wood preservatives and glass. 

The medicinal properties of arsenic were known in ancient times and, in a few 

instances, arsenic compounds remain today the preferred, most effective treatment 

against some parasitic diseases. It appears that the height of medicinal use was in the 

nineteenth and early twentieth centuries. Two widely used arsenic-containing drugs used 

during this period are Salvarsan and Fowler's solution. Salvarsan, which contained 

arsphenamine as the active ingredient, was an organic arsenic-containing drug frequently 
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used to treat protozoal diseases and syphilis (107.108). Inorganic arsenic, as sodium 

arsenite. was a common treatment and tonic for several ailments including leukemia, 

psoriasis and asthma (107). Because of their effectiveness as antiparasitic agents, arsenic 

compounds were frequently used by ranchers and veterinarians as a prophylactic against 

parasites (108). 

In contrast, perhaps the best known use of arsenic is as a poison. The toxic nature 

of arsenic is well-established, and documented occurrences of intentional arsenic 

poisoning dating back to its earliest use can be found in historical writings. In 55 A.D.. 

Nero poisoned his stepbrother with arsenic to secure the Roman throne. Speculation 

exists that Napoleon was also poisoned with arsenic. In the recent past, arsenic was used 

in chemical warfare agents. The best known of these is chlorovinyldichloroarsine, known 

commonly as Lewisite, which produced symptoms and effects similar to, but more toxic 

than, mustard gas (107). 

Arsenic has been used extensively, both in its organic and inorganic forms, in 

agricultural applications. In this category arsenic continues to be an important active 

ingredient in many fertilizers, pesticides, herbicides, larvicides and desiccants. Agent 

Blue (dimethylarsinic acid) was used as a defoliant during the Vietnam war (107). 

Copper, sodium and zinc arsenates are used as wood preservatives to protect lumber 

against fungus and insects (108). Because of the toxicological implications, use of 

arsenic for these applications has declined significantly: however, arsenic-containing 

agricultural products are still commonly available for some uses. 
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Paris green (copper acetoarsenite) and Scheele's green (copper arsenite) were 

commonly used as pigments in dye and paint. Early wallpaper which contained these 

pigments in the design is a known source of arsenic exposure (108). 

6.1.2.2 Source, Production and Release to the Environment 

Arsenic is the 20th most abundant element in the earth's crust. The average 

concentration is estimated at 2 mg/kg, although significantly higher naturally occurring 

concentrations are common, depending on the geology of the soil (97). Arsenic is a 

naturally occurring component of igneous and sedimentary rocks. Predominantly found 

in sulfide-containing rocks, arsenic is a significant component of magmatic sulfides, iron 

and other ores and marine shale. Naturally occurring concentrations in these rocks can 

reach several hundred mg/kg (109). 

Arsenic occurs in the environment from both natural and anthropogenic sources. 

Weathering processes and volcanic eruptions are the primary sources of arsenic emission 

to air and water. Secondary sources, which likely contain some percentage of arsenic 

from anthropogenic sources are forest fires, sea salt spray and volatilization of methylated 

arsenic from metabolic processes of biota and microbes. Total estimated arsenic 

emission from natural processes is 46,000 tons/yr (110). 

The major anthropogenic source for release of arsenic to the atmosphere is 

through smelting and refining of ore. The smelting process produces AS2O3 gas, much of 

which is collected and recycled in the flue slack. Regardless, processing of non-ferrous 
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ore is estimated to comprise approximately 50% of the anthropogenic source burden of 

arsenic released to the atmosphere. Burning of coal and other fossil fuel, waste 

incineration and combustion of wood as a fuel are other significant sources which release 

arsenic to the environment, predominantly into the air (111). 

Extensive agricultural use of arsenic as fertilizers pesticides, herbicides, and 

desiccants, though declining, continue to be significant anthropogenic contributors to the 

environmental burden of arsenic. Agricultural applications continue to remain the 

primary source of direct release to soil (112). The overall estimated anthropogenic 

release of arsenic is 184,000 tons/yr (111). 

Of all arsenic compounds, AS2O3 is by far the most imponant. From a 

commercial perspective, AsiOs is the starting material for most arsenic-containing 

compounds. Production of AS2O3, therefore, exceeds that of other arsenicals (108). 

Toxicologically, trivalent arsenic, which occurs primarily as AS2O3 and its hydrolyzed 

derivatives, is more toxic than most other species. Today all AS2O3 used in the United 

Stales is imported and overall consumption has significantly declined. 

6.1.2.3 Biogeochemical Cycling 

Once released to the environment, arsenic becomes pan of a complex 

biogeochemical cycling process which is responsible for distributing essential nutrients to 

living organisms. With industrialization, introduction of arsenic and other anthropogenic 

contaminants has put an undue stress on the natural cycling process, causing 
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accumulation of contaminants, particularly metals, at concentrations well above what 

natural cycling can accommodate. 

Contrary to most natural sources of metal release to the environment, 

anthropogenic emissions tend to be point sources released to areas not prone to expedient 

cycling. The result is high point-source concentrations of environmentally undesirable 

metals in geological locations with slow or ineffective redistribution mechanisms. 

Furthermore, because of industrialization, many of these metals are released in forms that 

are chemically inert to natural cycling mechanisms. 

Many industrial processes, particularly those associated with smelting and refining 

of ore and burning of fossil fuels, release arsenic into the atmosphere. Arsenic released 

to the atmosphere is primarily AS2O3, although organic arsenic has also been detected in 

concentrations up to 20% (107). Once airborne, arsenic trioxide often partially oxidizes 

to pentavalent arsenic (97). Atmospheric levels of arsenic vary significantly, and the 

highest concentrations are generally found in industrial and urban areas. The lifetime of 

an air-entrained particulate is dependent upon its size as well as upon atmospheric and 

climatic conditions. Particulates approximately 1 |im in diameter fare the best and can 

remain airborne for as many as 40 days, traveling hundreds of miles before deposition by 

settling (29). 

Elemental arsenic is a naturally occurring component in the earth's crust and in its 

water resources. Further introduction of arsenic to soil and water occurs from natural 

weathering and biogeochemical cycling processes as well as from direct or indirect 
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introduction from anthropogenic sources. In areas with no known anthropogenic 

contribution of arsenic to soil, arsenic concentrations range from 1 - 40 mg/kg (97). 

Arsenic is generally adsorbed onto soil and. if in contact with water, arsenic will partition 

between the soil and water. The nature and extent of arsenic soil-water partitioning are 

dependent upon soil type, composition and soil and groundwater chemical and physical 

parameters: however, the specific relationship is not well-understood (113). The 

dynamic processes taking place in the soil, which include biotransformation by plants, 

ensure that both inorganic and organic arsenic species can occur in soil and water. These 

partitioning processes are of primary importance to understanding the occurrence and 

nature of arsenic in groundwater. 

6.1.2.4 Soil-groundwater Partitioning of Arsenic 

Arsenic exhibits a complex, dynamic partitioning mechanism between soil and 

groundwater. In soil, arsenic is mostly bound as inorganic arsenic to iron and aluminum. 

More specifically, arsenic is strongly bound to iron and aluminum oxides, although 

manganese oxides also bind arsenic (114). Under reducing conditions, arsenic-containing 

sulfides may also be present. The dynamic partitioning mechanism favors pentavalent 

arsenic which is most strongly held. Trivalent arsenic and MMA are intermediate and 

DMA is the most mobile (115). From this evaluation, two important conclusions can be 

drawn regarding the potential for arsenic to occur in groundwater. Up to 80% of arsenic 

in aerobic soil is present as As HI. Thus, the potential for As HI to occur in natural water 
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is inherently high. Also, intrinsic microbial methylation processes may facilitate 

mobilization of arsenic from soil as the methylated species MMA and DMA (115). 

Partitioning from soil to groundwater is governed by soil composition. pH. redox 

potential, salinity, hardness and microbiological activity. No definitive partitioning 

mechanism exists whereby the concentration and species of arsenic in groundwater can be 

accurately predicted. A number of trends, however, are commonly observed. These 

trends can be used to form a general predictive model to explain observed soil and 

groundwater concentrations and species. 

As En, AsV, MMA and DMA are the only four arsenic species found in 

groundwater. Although organic arsenic is favored to exist in groundwater, unpolluted 

fresh water usually does not contain organic species (116). Thus, most arsenic found in 

groundwater is inorganic As EI or As V. As may be expected, the solubility of arsenic is, 

to a large extent, determined by how strongly it is bound to soil. Partitioning to 

groundwater is greater in soil with low iron and aluminum content. Solubility also 

increases with decreasing pH and redox potential. Since As HI is more loosely bound 

than As V. As HI is more soluble (114,115). 

Once solubilized to groundwater, the arsenic species present are primarily 

determined by pH and redox potential of the aqueous environment. At one time, it was 

commonly assumed that groundwater arsenic occurs predominantly as As V. In fact, 

since much of the anthropogenic release to the environment is trivalent arsenic, the 

presence of As HI was often considered a sign of contamination. A survey by Korte 
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found, however, ample evidence to explain the natural presence of As HI in groundwater 

(117). 

Many groundwater aquifers exist under oxidizing conditions at near neutral pH. 

An oxic environment supports the presence of As V which exists mostly as H2ASO4" and 

HASO4"". Adsorption of solubilized As III on suspended mineral particulates may 

facilitate oxidation to As V. Under reducing conditions, however. As HI is favored. 

Trivalent arsenic is stable under a narrow range of conditions. Under highly reducing 

conditions. As HI will precipitate as the sulfide (113,118). Moderately reducing 

groundwater aquifers will, therefore, readily support trivalent arsenic. As more data 

becomes available, the conditions under which naturally occurring trivalent arsenic is 

found are becoming better understood (117). 

6.1.3 Toxicological Concerns 

6.1.3.1 Human Health Effects 

Arsenic is the most common source of acute metal/metalloid poisoning (119). 

Acute effects include peripheral nervous system damage, anemia, cardiac arrhythmia 

leading to arrest, liver or kidney failure and gastrointestinal hemmorage (120). The IJD50 

for inorganic As HI is estimated to range from 1 - 4 mg/kg (97), although acute effects are 

seen at lower doses. Short-term exposure to > 5 mg/day causes deleterious circulatory, 

nervous system and gastrointestinal effects which, with continued exposure, may lead to 

death. The toxicity of As V is about ten times less than that of As DI. MMA and DMA 
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are significantly less toxic than their inorganic counterparts with estimated lethal doses 

ranging to 970 mg/kg (97). 

Arsenic is second only to lead for chronic toxicity in humans (119). Most public 

exposure comes from contaminated drinking water. Occupational exposure, panicularly 

to smelter workers, is also not uncommon. In actuality, since some chronic effects may 

take months or years to become manifest depending on the dose, duration and exposure 

route, the source of chronic arsenic poisoning is determined in only about 50% of all 

cases (119). Common symptoms of chronic arsenic poisoning are dermal changes, 

vascular effects (e.g.blackfoot disease), neurological depression and liver cirrhosis. 

Arsenic has been a suspected carcinogen for years and a growing bank of evidence 

is available to support the anticipated link between arsenic and cancer. Of the cancers 

thought to be caused by arsenic, lung and skin cancer are probably the best substantiated. 

Evidence also supports a link between arsenic and liver, bladder, prostate and intestinal 

cancer among others. Arsenic is teratogenic and mutagenic in lab animals (97.120). 

6.1.3.2 Exposure 

Humans are exposed to arsenic via three major routes: air, food and water. Air 

and water generally contain inorganic arsenic, often in the form of trivalent arsenic which 

exhibits greater toxicity than organic arsenic. Arsenic is a common component of many 

foods, and estimated daily ingestion is 53 |ig/day (105). Arsenic is found in most fish 

and shellfish in concentrations ranging from 10-40 mg/kg. Many other foods, including 
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meat, grain, fruit and vegetables also contain arsenic. In contrast to 'fish arsenic", which 

is approximately 90% arsenobetaine and arsenocholine and relatively nontoxic, arsenic in 

other foods is 60 - 75% inorganic arsenic (105). 

6.1.3.3 Absorption 

Solubility is the primary factor that determines absorption of arsenic in the body. 

For example due to its low solubility, metallic arsenic is significantly less toxic than other 

arsenic compounds. As a general statement, most inorganic and some organic arsenic 

species are well-absorbed from the gastrointestinal and respiratory tracts. Inorganic 

arsenic is up to 95% absorbed (97.121). In a study using human volunteers, methylated 

arsenic was found to absorb 75 - 80%. (97,122). As V appears to have better absorption 

from the intestine than As DI due to greater solubility and because As EH is reported to 

interact with the intestinal membranes. Inhaled arsenic is 30 - 85% absorbed from the 

lungs (105). Dermal exposure is generally not considered a primary route of concern; 

however, as arsenite is relatively lipid soluble, absorption of arsenic through the skin may 

be a reasonable concern under cenain conditions. Other organic arsenic species such as 

arsenocholine and arsenobetaine are not appreciably absorbed. 

Once absorbed into the bloodstream, arsenic is bound to hemoglobin and is 

distributed throughout the body. Primary distribution organs are the liver, kidney and 

spleen. Absorption and distribution are relatively rapid processes. Appearance in the 
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primary receptor organs occurs within 24 hours, and clearance rates from the blood 

stream of only 1 - 2 hours have been reported (121). 

6.1.3.4 Metabolism 

The relationship between inorganic arsenic, MMA and DMA is best demonstrated 

by considering the metabolic processes that occur to detoxify arsenic. It is well-

documented that the mechanism for detoxification of arsenic involves methylation. 

Biotransformation of arsenic occurs in the liver (105,120,123). Although the exact 

mechanism has yet to be determined, the process requires glutathione and s-

adenosylmethionine and involves reduction of arsenic to the trivalent state followed by 

methylation (105,124,125). 

AsV ->  Asm MMA ^  DMA 

Conversion to DMA is not quantitative. In humans the metabolic products are DMA 40 -

60%, MMA 15 - 25% and inorganic arsenic 20 - 25% (122). 

Though an effective detoxification mechanism, there appears to be an upper limit 

on the effectiveness of arsenic biotransformation. Observed estimates indicate that the 

human body can metabolize up to about 250 |i,g/day inorganic arsenic (Buchet 84). 

Methylated arsenic is rapidly excreted from the body. The half-life of various species 

have been measured and correlate well with the biotransformation mechanism. Organic 

arsenic is generally excreted unchanged, thus residence times are short, generally less 
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than 10 hours. As V must first be reduced to As HI; therefore, the half-life of As V is 

longer (2.1 days) compared to As HI. Trivalent arsenic is directly methylated and has an 

intermediate half-life of about 30 hours (126). 

6.1.3.5 Toxicological Interactions 

Arsenic that is not metabolized exerts toxic effects throughout the body. The 

exact nature and extent of toxic effects have yet to be determined. The focus has been on 

inorganic arsenic due to its known higher toxicity and because MMA and DMA are 

metabolic products. Much of the preliminary information is derived from research 

conducted in the late 19th and early 20th cenmries. The first interest came at the turn of 

the century from development of arsenic-based drugs. Then, during World War 0, 

research was conducted in search of an antidote to arsenic-containing warfare agents such 

as Lewisite (119). 

Depending on the form introduced, arsenic exhibits different mechanisms of 

action in the body. In general. As EI is approximately ten times more toxic than As V. 

The primary toxic action of As HI occurs through its affinity for thiol groups. In this 

manner, arsenite can deactivate enzymes and proteins. Dosing with glutathione can 

reactivate monosubstimted arsenic; however, arsenic can also complex with two 

sulfhydryl groups on one molecule to form a stable ring structure. An example occurs in 

the pyruvate oxidation system whereby As HI complexes with lipoic acid to prevent 

regeneration of the enzyme necessary to propagate the cycle (119). 
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The toxicity mechanism of As V is significantly different than that of As in. 

Pentavalent arsenic, which is similar to phosphate, is thought to substitute for phosphate 

in the body. Evidence to support this theory includes studies that show As V can 

uncouple oxidative phosphorylation in ATP synthesis (119), and that As V can 

accumulate in the bones (126). It is also speculated that arsenate may be able substitute 

for phosphorus in DNA. 

Arsenic that is not biotransformed tends to accumulate in tissues that contain 

compounds with sulfhydryl groups. Primary target tissues are hair, skin and nails due to 

the high sulfhydryl content of keratin. 

6.2 Investigative Strategy 

For the reasons discussed in the previous paragraphs, it is desirable to separate 

and quantify the arsenic species As DI, As V, MMA and DMA in environmental and 

biological samples. Information about arsenic species can be used in real-world 

applications to model partitioning processes and to monitor biotransformation of arsenic. 

Chapter 7 presents one such application. The problem of high groundwater 

arsenic at a Kansas City, Missouri industrial plant is addressed. By determining the 

arsenic species present, the source of dissolved arsenic was determined. The separation 

was accomplished using ion exchange chromatography (EX) and the analysis was 

performed using hydride generation atomic absorption spectroscopy (HGAAS). 
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Chapter 8 presents preliminary results of an attempt to streamline the common 

EX/HGAAS method. The overall analysis by lEX/HGAAS. though effective, is time 

consuming and requires a touchy digestion procedure. To make the analysis more 

efficient, a microscale solid phase extraction (SPE) coupled with proton-induced x-ray 

emission (PDCE) analysis was evaluated. The experiment was accomplished by 

selectively preconcentrating arsenic on a small SPE column and analyzing the arsenic-

bound SPE exchange resin using PEXE. It was anticipated that the combination of the 

small scale technique with the element-specific PDCE analysis method would provide a 

rapid, sensitive alternative to the traditional, but cumbersome lEX/HGAAS method. 
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CHAPTER? 

SPECIATION OF GROUNDWATER ARSENIC 

AT AN INDUSTRIAL FACILITY ALONG THE MISSOURI RIVER 

7.1 Site Background 

The Environmental Protection Agency requires that all industrial facilities that 

generate hazardous waste identify, assess and remediate solid waste management units 

(SWMU). SWMUs include landfills, tanks, waste piles, lagoons, buildings and any 

other unit or facility used to store or treat EPA-regulated waste. If a SWMU is identified 

as having caused a release to the environment, the contamination must be identified and 

the site remediated to levels acceptable to the EPA and state regulatory agencies. 

This study involved speciation of arsenic in the shallow aquifer of an industrial 

facility along the Missouri river. Specifically, groundwater in the area surrounding two 

waste water lagoons contained arsenic at levels significantly greater than the EPA 

maximum contaminant level (MCL) for arsenic of 50 ppb (104). Detected arsenic 

concentrations were up to six times the MCL; high arsenic was detected in wells at, 

upgradient and downgradient of the lagoons. Extensive research and evaluation of site 

history found no evidence that arsenic-containing compounds had been used at the 

facility. Influent to the lagoons contained less than 1 ppb arsenic and lagoon sediment 

samples contained arsenic at levels within the regional soil background concentration 

range of 5 - 7 mg/kg (100). 
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As historical surveys revealed no industrial activity that could have been the 

source of high groundwater arsenic levels, an alternative explanation was sought. In 

these instances, the burden of proof is upon the facility. The facility, in association with 

Oak Ridge National Laboratories, decided to investigate the likelihood that groundwater 

arsenic was naturally occurring. Their reasoning was based upon several factors. First, 

arsenic is naturally occurring in soil. Second, partitioning from soil to groundwater is 

highly dependent on soil type and aquifer characteristics. Finally, area conditions 

supported enhanced partitioning of arsenic to groundwater. The latter assumption was 

supported by studies indicating that arsenic is common in alluvium found along the 

Missouri river. Groundwater wells, associated with the alluvial aquifer but miles from 

the plant, contained as much as 500 ppb arsenic. 

Although this evidence supported the theory that arsenic was naturally occurring 

in groundwater at the facility, to prove the theory it was necessary to demonstrate a 

mechanism for release from soil to groundwater. To that end, determination of arsenic 

species was considered to be the key to explaining groundwater arsenic levels. In 

support of historical surveys, speciation would provide the evidence to disqualify many 

potential anthropogenic sources. Also, when correlated with hydrogeologic data, 

speciation would provide critical information upon which to model the partitioning 

dynamics taking place in the aquifer. 

Oak Ridge National Laboratories contracted the Fernando group to perform the 

speciation study. Two commercial labs had previously attempted the analysis. One lab 

used the selective hydride generation AAS method and the other used an unspecified 
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electrochemical technique. Neither lab was able to provide results that were consistent 

with known site concentrations and/or conditions. Our approach was to separate the 

potential arsenic species with a tandem strong anion/strong cation exchange column. 

Eluate fractions were then digested to decompose any organic arsenic species and the 

resulting digestate was chemically reduced to convert all arsenic to the trivalent 

oxidation state. Analysis was performed using HGAAS. A schematic of the method is 

shown in Figure 7.1. 

7.2 Experimental Background 

7.2.1 Ion Exchange Chromatography 

Analytical methods for separation of inorganic and organic arsenic species have 

been of interest since the mid 1970s. Since that time, numerous separation schemes have 

been developed. Many of these methods involve chromatographic separation. HPLC 

(118,127-134), ion exchange (116,135-142), gas chromatography (143), and ion 

chromatography (144-146) have all been successfully employed to effect separation of 

three or more arsenic species. 

The majority of arsenic separations are performed using ion exchange resins, 

although HPLC reverse phase columns have provided adequate separation of as many as 

six organic and inorganic arsenic species (128). Yamamoto paved the way for separating 

arsenic compounds by ion exchange chromatography. Using a strong cation exchange 

resin (SCX), he was able to obtain 90 - 97% recovery of As V, MM A and DMA; 

arsenite was not retained (139). Separate strong anion (SAX) and strong cation 
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Figure 7.1 Flow diagram for separation and analysis of arsenic species by lEX/HGAAS. 
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exchange columns were used by Henry in a tedious extraction procedure. As HI. As V. 

MMA and DMA were separated with 96% total recovery (141). Grabinski devised a 

tandem column that contained both SAX and SCX resins. By careful control of pH. all 

four arsenic species were separated with reported 97% recovery (138). 

A modified version of Grabinski's column has subsequently been used by 

Maiorino to study the metabolic fate of arsenic in rats (136). Because of its simplicity 

and proven ability to effectively separate the arsenic species of interest, the tandem 

SCX/SAX ion exchange column was used in this study for speciation of arsenic in 

groundwater. 

Proposed Mechanism of Elution: 

In order to tailor the method to provide effective separation of As DI. As V. 

MMA and DMA, it is necessary to understand the interaction of each arsenic species 

with the exchange resins. Grabinski (138), Dietz (147), Henry (141) and others have 

contributed significantly to our understanding of these interactions; however, no 

comprehensive explanation of the elution process is described in the literature. One of 

the major points of discussion involves the interactions of MMA and DMA with the 

resin. Specifically, it was unknown whether these interactions are ionic in nature or if 

MMA and DMA are merely impeded by Van der Waals attractions with the resin 

hydrocarbon backbone. NMR titrations of MMA and DMA coupled with qualitative 

consideration of acid dissociation constants provided clarification of the separation 

mechanism. 
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The tandem SCX/SAX column was packed, conditioned and As EI. As V. MMA 

and DMA elated as described in Section 7.3. An elution profile of the four species is 

shown in Figure 7.2; the observed elution order is As HI. MMA. AsV. and DMA. Plots 

of fractional concentration vs. pH for each species. Figures 7.3 - 7.6, are used to describe 

the elution order. At pH 2.5, As EH and MMA are present as neutral species and only 

exhibit weak Van der Waals interactions with the resin. Speculation by Dietz that MMA 

may be amphoteric was disproven by NMR studies conducted in our laboratory. 

Likewise. As V exists predominantly as the singly charged anion and does not 

significantly interact with the SCX resin. DMA, in contrast to MMA. is amphoteric at 

low pH and is strongly retained by the SCX resin. 

As MMA. As in and As V pass into the SAX region of the column. As V 

becomes strongly bound to the anion exchange resin. As before. As HI and MMA 

exhibit only weak Van der Waals interactions with the resin. As HI elutes with the 

solvent front followed closely by MMA. Addition of 0.2 M TCA to the column reduces 

the pH to about 1, stripping the As V from the SAX resin. Further elution with a strong 

base (nh3. pH 10.5) deprotonates DMA. As a singly charged anion. DMA released 

from the SCX resin and eluted to the lower portion of the column where it is bound to 

the SAX resin. Finally, 0.2 M TCA is added to the column, stripping DMA from the 

SAX resin. 
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7.2.2 Hydride Generation Considerations 

7.2.2.1 Kinetic Model for As HI 

Hydride generation is an excellent means by which the sensitivity of analysis 

methods to arsenic can be enhanced. The classic use of hydride generation is with the 

silver diethyldithiocarbamate spectrophotometric determination of arsenic (139.140.148-

153). Hydride generation continues to find wide application in arsenic analysis by AAS 

(118,130,134.136,137). GC/MS (143.154). ICP/MS (128.129.155.156). AFS (157). and 

AE (133,158). 

Arsine generation, using sodium borohydride as the reducing agent and 

subsequent detection by flame AAS, can be described as a four step process. The 

process involves reaction of aqueous As EH with NaBKj to form dissolved arsine, 

purging aqueous arsine to the gaseous state, transfer of gaseous arsine to the burner and 

finally removal of elemental arsenic vapor from the flame. 

asih ^ 3^, , *' > ) as„ 

Based on these steps. Van Wagenen developed a kinetic model to describe the 

hydride generation process (159). Using the model he was able to quantitatively assess 

the contribution of each step to the observed absorption peak shape. He found that ki 

and k4, the rate of arsine formation and the rate of removal from the burner contribute 

very little to the overall peak shape. Upon introduction of NaBHa, arsine forms almost 
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instantaneously (= 0.1 sec). As acquisition time averages approximately 4 seconds, 

arsine generation governs only the very leading edge, or about 29c. of the total peak. 

Residence time in the burner is also relatively brief. Decreasing the flow rate provides 

longer residence time, decreasing ka; however, ks is also strongly dependent on flow 

rate. As discussed in the following paragraph, optimization of k3 is more critical to the 

overall peak shape, although kt places an upper limit on flow rate. Thus, kj is controlled 

by increasing burner length rather than by decreasing flow rate. 

Although nitrogen is used as the carrier gas. mobilization of arsine to the gas 

phase (k:) and subsequent transfer to the bumer (ks) are largely governed by hydrogen 

evolved during vigorous reaction of NaBHa with the acidic, aqueous solution. The rising 

edge of the peak observed from the reaction is governed by the the rate of transfer to the 

burner. At the peak apex, ks = ki. Finally, as the reaction nears completion, k2 becomes 

the limiting factor as residual arsine is flushed from the reaction vessel. Thus, the 

trailing edge of the peak is dictated by k:. 

The kinetic experiments conducted by Van Wagenen confirmed several theories 

that had been observed in practice, but not definitively explained. The rate constant for 

the formation of aqueous arsine, ki, is determined by the effective contact of NaBRj with 

the solution and by the solution pH. Introduction of NaBHa as an aqueous solution 

provides good mixing and promotes the reaction. Furthermore, since evolution of 

hydrogen gas is the primary factor governing ki and ks , use of sodium borohydride 

pellets, while more convenient and controllable, has a slight dampening effect on the 

reaction because the reaction can only take place at the pellet-solution interface. In 
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contrast, the instability of NaBRt in aqueous solution can negatively impact peak shapes. 

For this experiment, NaBH; pellets were found to provide adequate gas evolution and no 

severe dampening of peak shape was observed. 

Solution pH is a significant contributor to peak shape. NaBKt reacts in acidic 

solution to produce hydrogen gas. As demonstrated in the kinetic model, hydrogen gas, 

rather than the nitrogen carrier gas bubbled into the reaction vessel, is the primary driver 

governing removal of arsine from aqueous solution and transfer to the burner. To 

maximize hydrogen gas generation, the solution must be maintained at acidic pH. 

Solution volume and dead space volume must also be considered when designing 

a hydride generation system. Arsine is relativley soluble in aqueous solution (20 ml 

AsHs per 100 g water). Purging arsine from solution to the aqueous phase (k^) is 

facilitated by minimizing the solution volume. Once in the gaseous phase, rapid and 

efficient transition to the burner (ks) is significantly influenced by the dead space volume 

in the reaction vessel and tubing leading to the burner. As dead space volume is reduced, 

transfer to the burner becomes more efficient and peak height is increased. 

7.2.2.2 Limitations for As V, MMA and DMA 

One of the principal limitations of the hydride generation technique is the 

requirement that all arsenic be present in the trivalent, inorganic form. The Van 

Wagenen model demonstrates the basis for this requirement. Overall peak shape in 

analysis of As III by hydride generation is governed almost exclusively by removal of 

arsine from the aqueous phase and subsequent transfer to the burner. Formation of 
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arsine from As IE occurs instantaneously and does not play a significant role in 

determining peak shape. This is not the case for As V and organic arsenic species. 

Reaction of NaBRj with As V is a two step process whereby As V is first reduced to As 

in before being convened to arsine. 

Aj V """ ) A J III > AsH, 

Further complication occurs with organic species. MMA and DMA react with NaBR; to 

form methyl arsines. The reduction of As V, MMA and DMA to Asm occurs at a much 

slower rate than arsine formation. The result is notably reduced overall rate of arsine 

formation. The rate constant ki becomes relevant to the overall peak shape. Resulting 

peaks are shorter and become broadened; peak tailing also increases. Figure 7.7 

demonstrates the effect of inorganic arsenic valence state on calibration curves obtained 

for As EQ and As V with the HGAAS method. 

Cold trapping is a common method used to mitigate the restrictions posed by 

differing arsine generation kinetics for each species. Arsines are collectively generated 

and condensed in a liquid nitrogen cold trap. As the temperature of the cold trap is 

raised, arsines are selectively vaporized in order of increasing boiling point. The cold 

trap method is flawed in that it assumes methylated arsenic species retain their methyl 

groups upon arsine formation. Conflicting reports provide no absolute clarification, 

although some evidence exists to suggest that reduction of MMA and DMA may form 

mono-, and dimethylarsines as well as arsine gas (143,160). 

Sample digestion is also frequently used to decompose organic arsenic 

compounds to an inorganic form. Van der Veen compared ten digestion procedures 
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commonly used to reduce As V to As in (161). An effective digestion procedure for 

MMA and DMA. previously described by Webb, was used in this study for 

determination of arsenic species in groundwater samples (162). 

7.3 Experimental 

7.3.1 Reagents 

A 1000-ppm arsenite stock solution was prepared from Gold Label arsenic (HI) 

oxide. 99.999% (Aldrick Chemical Co.). A weighed amount of the AS2O3 was 

dissolved in 14-mL of 15% NaOH then transferred quantitatively into a 1-L volumetric 

flask. The solution was then diluted to 800-mL with distilled, deionized water, the pH 

adjusted to 5 with concentrated H3PO4 (85%) and diluted to the mark with distilled, 

deionized water. 

A 1000-ppm arsenate stock solution was prepared from arsenic(V) oxide. 99% 

(Fisher Scientific Co.). A weighed amount of AS2O5 was dissolved in 7.5-mL of 2.5 M 

NaOH, transferred quantitatively to a 500-niL volumetric flask, diluted to 4(X)-mL, and 

the pH adjusted to 8 with 6 M HCl. The solution was then diluted to the mark with 

distilled, deionized water. 

The 1000 ppm stock solutions of the disodium salt of methylarsonic acid, 

CH3As03Na2*6H20, (Pfaltz and Bauer) and the sodium salt of dimethylarsinic acid, 

(CH3)2As02Na •2H2O, (Sigma Chemical Co.) were prepared in 0.2 M H2SO4. 

Stock solutions were stored in polypropylene bottles at 4 = C, except for the 

arsenite standard, which was stored at room temperature. Sodium borohydride pellets 
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(5/16 in. diam.. 98% purity) were obtained from Alfa Products. All other chemicals 

were reagent grade unless specified otherwise. 

7.3.2 Ion Exchange Column 

The ion exchange colurrm was prepared from a lO-mL plastic serological pipet by 

removing the narrowed top 2 cm using a heated metal spatula. The column was clamped 

in a vertical position and a small plug of glass wool was placed in the tapered end of the 

column. A slurry of 20/50-mesh Dowex 1-X8 strong anion exchange resin in deionized 

water was packed into the column to a height of 4.5 cm and secured with a small plug of 

glass wool. A slurry of 80/100-mesh Dowex 50W-X8 resin in deionized water was then 

packed into the column to a height of 12 cm above the anion exchange resin and secured 

with a second glass wool plug. The combined height of the cation and anion exchange 

resins in the column was 16.5 cm. Figure 7.8. 

The column was washed with 20 mL 0.5 M HCl followed by 25 mL deionized 

water at a flow rate of 2 mL/min. The column was then equilibrated with 20 mL of 

0.0058M trichloroacetic acid (TCA) at a flow rate of 2 mL/min. The flow rate of the 

solution through the column was controlled by a peristaltic pump that was attached to the 

end of the column. A 4-mL groundwater sample was loaded onto the column at a flow 

rate of 1 mL/min. The column was then eluted with 28 mL of 0.0058 M TCA followed 

by 4 mL of 0.187 M TCA, both at a flow rate of 2 mL/min. Two-milliliter fractions of 

the eluate were collected in graduated plastic vials. The column was eluted next with 28 

mL of 1.5 M HN3, followed by 28 mL of 0.187 M TCA, both at a flow rate of 3 mL/min. 
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Figure 7.8 Tandem SAX/SCX ion exchange column. 
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Four-milliliter fractions of the eluate were collected until a total of 32 fractions were 

obtained. 

The column was regenerated by successive elution with 20 mL of 1.5 M NH:^. 20 

mL of 1.0 M HCl, and 20 mL of 0.0058 M TCA. This method of regeneration may be 

used up to three times before repacking the column. In this work, however, a freshly 

packed column was used for each sample. 

7.3.3 Digestion of Sample Fractions 

The contents of each vial was washed into separate, numbered 25-mL Erlenmeyer 

flasks with a minimum amount of 3.0 M HCl. One milliliter of 1% v/v sulfuric acid 

(0.20 M) and 2 mL 5% v/v potassium persulfate were added to each flask, and the 

volume of the solution in the flask was reduced to about 2 mL by heating the flasks on a 

hot plate. Care was taken to avoid bringing the solution to a boil. The digested fractions 

were removed from the hot plate and allowed to cool before analysis. The As(V) in each 

Erlenmeyer flask was reduced to As(IID by the addition of 1 mL of 20% w/v KI solution 

to each flask. The flasks were allowed to stand for approximately 30 minutes to ensure 

complete reduction. 

7.3.4 Analysis of Sample Fractions by HGAAS 

The hydride generator consisted of a 100-mL three-neck round bottom flask, 

fitted with a drain tube and a stopcock. Figure 7.9. One neck of the hydride generator 

was fitted with a stopper into which a glass plunger was inserted. The plunger provided 



Figure 7.9 Hydride generator apparatus. 
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a means of introducing a sodium borohydride pellet (0.3 g) into the solution in the 

hydride generator. Nitrogen gas was bubbled through a sintered glass frit at the end of a 

tube that was inserted through the top neck in the hydride generator. The generated 

arsine gas was swept out through an exit tube, also in the top neck of the hydride 

generator, into the hydrogen-argon flame of a Thermo Jarrel-Ash Video 12E atomic 

absorption spectrophotometer equipped with a Hammamatsu R166 solar blind detector. 

The burner used in this work had a standard three-slot burner head, and the hydrogen and 

argon flow rates to the burner were maintained at 4 and 6 L/min respectively, using 

Matheson flowmeters. The arsenic hollow cathode lamp was operated at 5 mA. and the 

transmittance was monitored at 193.7 nm. slit width I.O mn. 

The concentration of As(Iir) in each of the samples was determined as follows. 

After the wet digestion and reduction with KI solution, the solution in the Erlenmeyer 

flask was transferred into the hydride generator with the aid of two 5-mL aliquots of 3 M 

HCl. The nitrogen gas was bubbled continuously at 2 l/min through the sintered glass 

frit, which was positioned just below the surface of the solution. The NaBH4 pellet was 

dropped into the solution using a plunger, and the resulting arsine gas was swept into the 

flame. Detector response was monitored on the video display and recorded on a strip-

chart recorder. A calibration curve for arsenic(IID standards was obtained using this 

procedure; the linear portion of the calibration curve lies between 20 ppb and 500 ppb 

Arsenic. 
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7.4 Results and Discussion 

7.4.1 Speciation of Site Groundwater 

Of the groundwater samples analyzed, arsenic concentrations at the site ranged 

from 80 ppb to 440 ppb. Table 7.1. The highest arsenic concentration in these wells 

occurred in well OW-6 near the lagoon. Arsenic at the facility was mostly AsIII. In all 

wells. As HI comprised at least 55% of the total arsenic concentration. Figures 7.10. 

7.11. Two wells contained nearly 100% AsEH. Pentavalent arsenic was also present in 

all wells (9 - 13%); however. As V only occurred in conjunction with As HI. As V was 

never the sole inorganic species in the groundwater. This observation suggests that 

groundwater conditions strongly favor the reduced species. 

Organic arsenic was detected in four of nine wells. MMA was the primary 

organic component; DMA was detected in only one well (82L). In this well, DMA 

comprised only 20 % of total organic arsenic and 4% of total arsenic. Organic arsenic 

appears to correlate to high total groundwater arsenic. Of wells that contained organic 

arsenic, three had total arsenic concentrations of greater than 300 ppb. These wells also 

had a relatively high percentage of As V, suggesting that As V may be linked to the 

microbial processes responsible for production of the organic species detected. 

7.4.2 Occurrence of Groundwater Arsenic 

Arsenic groundwater concentrations in wells surrounding the waste water 

lagoons varied over a wide range. Table 7.1. Well OW-6, which is southwest of the 
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Table 7.1 Summary of results for arsenic species present in groundwater wells at the 
Kansas City Plant. 

OW-6 47L 82L 81L 72L 68L 75L 9L 45L 
As in 246 185 218 55 320 93 108 299 84 
As V 145 63 90 25 4 15 12 11 56 
MMA 54 58 55 0 0 0 18 0 0 
DMA 0 0 14 0 0 0 0 0 0 

Fraction 447 306 377 80 324 108 138 310 140 
Total 
Total 465 310 395 126 357 147 163 NA 189 
Percent -5% -17c -57c -377c -97c -277c -157c NA -267c 
Difference 
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southern lagoon, contained 465 ppb arsenic, the highest concentration detected in the 

data set. Wells 82L. 72L. and 47L were also located near the lagoons and contained 

relatively high arsenic levels. In contrast, wells 81L and 75L. which are near high 

arsenic wells 82L and OW-6 respectively, contained less than 309c of the arsenic 

detected in the high concentration wells. These inconsistencies suggested an alternative 

source of arsenic. 

The strongest evidence to refute the lagoons as the source of groundwater arsenic 

was found in well 9L. This well contained one of the highest arsenic concentrations at 

the site. Well 9L was located about 1500 feet west and hydraulically upgradient of the 

lagoons. Groundwater flow at the site is toward the southeast, away from well 9L. 

Thus, the arsenic detected in 9L could not have originated from the lagoons. Although it 

was apparent that no obvious anthropogenic source of arsenic was readily identifiable, it 

was necessary to establish a reasonable explanation for the observed groundwater arsenic 

occurrences. When arsenic concentration data was compared with geologist drill logs, a 

link between groundwater arsenic and soil type was established. 

Groundwater at the facility exists in an alluvial aquifer. The alluvium consists of 

blue-green clay that was intermittently peppered with an orange limonite stain. Orange 

soils are characteristic of iron oxide. Soil analysis indicated higher than average levels 

of iron, manganese and arsenic in the limonite. Arsenic is commonly found adsorbed to 

iron and manganese oxides. These oxides act as a partitioning source to groundwater 
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under appropriate conditions. Of all species potentially adsorbed to metal oxides. As III 

is the least strongly bound. Thus, the presence of high As HI in the groundwater was 

explained based on the presence of limonite in the alluvial soil. Groundwater conditions 

also favored As HI. Little dissolved oxygen was detected and the redox conditions 

indicated that the groundwater exists under reducing conditions. 

7.4.3 Evaluation of EEX/HGAAS for Speciation of Arsenic in Groundwater 

lEX/HGAAS proved to be an effective and reasonably accurate method for 

speciating groundwater arsenic. The method gave excellent separation of As HI, As V, 

and DMA, Figures 7.12 and 7.13. MMA, which was well-resolved in analysis of 

standard solutions (Figure 7.2) was generally spread across the entire fraction region 

between As EH and As V. This phenomenon is illustrated in the fraction profile for well 

82L, Figure 7.13. Because of the unusual spread in this region, the validity of the MMA 

detections was evaluated. Most fractions in this region produced an absorption peak 

corresponding to 10 - 15 ng arsenic; these values were near the detection limit of the 

HGAAS system. Several factors, however, support the presence of MMA. First, when 

groundwater samples contained only inorganic arsenic, the peaks were well-defined and 

intermediate fractions produced little to no absorbance signal. A typical example is 

shown in Figure 7.12. Second, combined fraction totals, including the intermediate 

fraction concentrations were consistent with unspeciated total groundwater arsenic 

concentrations. Finally, the fraction profile for well 82L, Figure 7.13, exhibited a small. 
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but definite DMA peak. Thus, the observed absorption signals in fractions 8-18 were 

attributable to arsenic, most likely as MMA. 

In the ion exchange separation. MMA elutes just after As HI. Trivalent arsenic is 

essentially unretained on the column and MMA, which is mostly present as the neutral 

species at the eluent pH, is retained on the resin only by weak nonionic forces. That the 

MMA component of the groundwater samples is eluted with later fractions indicates that 

MMA is more strongly bound by the resin. One possibility is that MMA does not exist 

as discrete molecules in solution. Arsenic species have a tendency to adsorb to 

particulates and sediment. The groundwater samples were filtered upon collection; 

however, particulates that were not filtered would provide a surface onto which arsenic 

could adsorb. 

7.5 Conclusions 

High groundwater arsenic at the Kansas City Plant results from natural soil-

groundwater partitioning processes. Speciation of groundwater arsenic from wells at the 

site was a critical factor in determining the source and mechanism for presence and 

release of arsenic to groundwater. The EEX/HGAAS method proved to be an excellent 

means to speciate arsenic in groundwater. Speciation results were consistent with totals 

analysis, indicating that nearly all arsenic was recovered in the separation. An added 

advantage of this method is that the ion exchange separation also assists in removing 

interfering ions from the groundwater samples. 
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CHAPTER 8 

SPECIATION OF ARSENIC BY MICROSCALE SPE/PIXE 

8.1 Overview 

Though sensitive, the typical ion exchange method for speciating arsenic is 

cumbersome and time-consuming. Full-scale elution of As HI, As V, MMA and DMA 

requires approximately 1.5 hours and generates a substantial volume of eluate, which is 

generally collected as sample fractions. The samples must then be preconcentrated prior 

to analysis. Preconcentration is usually performed in conjunction with a harsh digestion 

procedure, required to decompose organic arsenic species, which takes on-average 1 - 2 

hours. Analysis by hydride generation atomic absorption spectroscopy (HGAAS) 

consumes another 2 hours. Thus, with preparation time, analysis of a single sample can 

require as much as eight hours. This factor alone makes cost efficient analysis 

prohibitive, particularly for commercial environmental laboratories that would benefit 

from having the ability to speciate environmental samples for arsenic. 

Ideally, an analysis method that combines or eliminates the tedious restrictions 

posed by the lEX/HGAAS method is desired. Considering this method, two areas for 

improvement of analysis efficiency become evident. First, the chromatographic 

separation must be tailored to eliminate the large elution volumes. Doing so eliminates 

preconcentration requirements and allows rapid transition to the analysis. Second, a non 
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species-sensitive method of analysis must be found. The HGAAS analysis is limited by 

the hydride generation technique which, because of the differing kinetics of arsine 

formation, requires that all arsenic be present as As HI prior to analysis. 

Ion exchange is a proven, effective technique for separating inorganic and 

organic arsenic species from environmental (116,139,140), and biological (136.137) 

samples. In essence therefore, it is not the technique itself, but the scale of the separation 

that introduces an additional burden on the overall analysis. If preconcentration and 

digestion requirements are eliminated, expedited transition to fraction analysis will 

occur. Exchange resins, commonly used in solid phase extraction (SPE) applications, 

provide a readily available means by which the separation scale can be reduced. Though 

essentially a microscale separation in comparison to polymer bead resins such as Dowex, 

SPE resins offer high exchange capacity as well as controlled porosity necessary to 

promote effective panitioning to the exchange media. Typical exchange capacities are 

0.5 - 2 meq/g. Arsenic concentrations in environmental and biological samples are 

generally in the part-per-billion range, well within the capacity of most exchangers. This 

estimation ignores contributions from other ionic species which, for most practical 

applications, e.g. analysis of environmental media or biological fluids, must be 

considered. 

As in the lEX/HGAAS experiment, the arsenic species of interest are As III, As 

V, MMA and DMA. Considering Figures 7.3 - 7.6, selective separation of all four 

species is theoretically possible by careful selection of pH. Due to the small scale of 

this proposed method, the separation is designed as extraction rather than an elution. 
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The extraction requires three or four columns, with the ultimate goal being selective 

retention of each species on a single microscale column. 

DMA, which exists predominantly as a cation below pH 1.5. is adsorbed onto an 

sex resin from acidic solution. All other species are neutral at low pH and are not 

retained. The pH of the eluent which contains As III, AsV. and MMA is then adjusted to 

pH 3 with an appropriate buffer. At this pH, inorganic As V is present as H^AsO/ and 

will be selectively retained on SAX resin. The eluate, which now contains only As HI 

and MMA, is raised to pH 6 to deprotonate MMA and eluted on a second SAX column. 

The final eluate contains only As IQ. A flow diagram describing the separation scheme 

is presented in Figure 8.1. 

As discussed in Chapter 7, several analysis methods, particularly ICP, are capable 

of quantifying separated arsenic species without digestion or significant pretreatment or 

preconcentration of the aqueous sample. Proton induced x-ray emission (FIXE) is 

another instrumental method that may prove useful for analysis of arsenic. Several 

researchers have recognized the potential for FIXE analysis of trace elements, including 

arsenic, in groundwater. Preconcentration methods described in these papers include 

carbon adsorption, complexation with 8-hydroxyquinoline, ammonium 1-pyrrolidine 

dithiocarbamate, and coprecipitation (163-165). 

In the PDCE experiment, a 1 -3 MeV beam of monoenergetic protons impinges on 

the sample target. The ionization and subsequent decay of inner shell electrons produce 

x-rays at energies characteristic of the elemental composition of the sample. PIXE is, 

therefore, an excellent method for trace elemental analysis. Like ICP, PIXE is element 
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Figure 8.1 Proposed microscale SPE separation of As III, As V, MMA and DMA. 
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specific and is not sensitive to oxidation state or molecular composition. Thus, analysis 

of arsenic species by PDCE is performed directly without sample pretreatment or 

destruction of the sample matrix. Detection limits of 1 ppm are achievable, and 

extraction volumes can readily be adjusted accordingly to ensure that preconcentration 

on the SPE media is adequate to meet the detection limits of the system. Finally. PIXE 

is highly amenable to experiments where sample size is limited; typical beam diameter 

is on the order of 2 - 10 p.m (166). For these reasons, and because of the ongoing 

evaluation of the practical application of the method, PIXE was chosen for this 

experiment. 

8.2 Experimental 

8.2.1 Microscale SPE Column 

Standard solutions: Standard solutions of sodium arsenite (As IH), sodium 

arsenate (As V), methylarsonic acid (MMA), and dimethylarsinic acid (DMA) were 

prepared as described in Section 7.3.1. 

Column preparation: A disposable Pasteur pipet was cut to provide a tip length 

of one inch with an overall pipet length of three inches. Figure 8.2. The tip of the pipet 

acted as the extraction column whereas the pipet body served as a gravity feed reservoir 

for the buffer eluent. The tip of the pipet was fitted with a small glass wool plug upon 

which 2.5 milligrams 15 - 100 mesh strong anion exchange (SAX) or strong cation 

exchange (SCX) resin was packed (Bond Elut, Analytichem International). The anion 

(quaternary amine) and cation exchange (benzenesulfonic acid) sorbents each provided 
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Figure 8.2 Microscale SPE column. 
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an exchange capacity of 0.5 - 1.5 meq/g. The resin was then secured with a second glass 

wool plug. 

Resin Conditioning: The resin was conditioned according to manufacturers 

instructions. The resin was wetted with two volumes of technical grade methanol then 

equilibrated with either 0.01 M NaOH (SAX) or 0.01 M HCl (SCX) until the eluate pH 

indicated that the resin was fully conditioned. The resin was then rinsed with 

approximately 200 jil doubly distilled deionized (DDI) water until the eluate was near 

neutral pH. 

Elation: An aliquot of arsenic standard solution was loaded onto the column 

with an Eppendorf pipet. Elution proceeded by gravity feed from the pipet reservoir. 

The arsenic sample was followed by a 50 p.1 aliquot of O.OOl M NaOH or HCl to rinse 

any remaining arsenic off the reservoir walls. In some instances, a 50 fil aliquot of DDI 

was loaded as a final rinse. 

Sample preparation: The arsenic-adsorbed resin was prepared for analysis by 

PIXE. To remove small amounts of resin imbedded in the glass wool, the plugs were 

removed and rinsed with DDI onto a weigh paper. A small amount (approximately 20 

fil) of methanol was added to the column to wash residual resin onto the weigh paper. 

The resin was allowed to air dry under an IR lamp. The PIXE sample holders were 

capped with a thin Kapton film onto which a 6 millimeter spot of ethylacetate glue had 

been applied using a glass rod. The resin was transferred onto the glue and the sample 

was placed under an IR lamp to dry. 
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8.2.2 PIXE Analysis 

PEXE analysis of the arsenic-containing resin or membrane samples was 

performed using a typical x-ray fluorescence spectrometer (Tracor model 5000. Tracor 

X-Ray, Mountain View, CA) modified for proton beam analysis. A 6 MV Van de Graaff 

accelerator (High Voltage Engineering Corp.) was used to generate the 1.840 keV proton 

beam which was oriented at 90= to the sample surface. The total collected charge was 

13.55 |iC. The emitted x-rays were detected at an angle of 45® to the sample surface 

using the standard Tracor XRP liquid nitrogen-cooled SiLi detector system. 

Samples were mounted to a typical XRF sample cup fitted with a thin mylar film 

backing. Figure 8.3. The arsenic-containing resin was secured to the mylar with a 

cellulose acetate glue which was prepared by dissolving cellulose acetate in glacial acetic 

acid. The glue was spotted onto the mylar film using a clean glass rod and the resin was 

then transferred to the glue. In order to provide even coverage, a glass rod was used to 

distribute the resin within the glue. 

8.3 Results and Discussion 

Pentavalent arsenic was found to quantitatively retain on the Bond Elut SAX 

resin. Initially, replicate analysis using 500 ng aliquots of As V were eluted with 0.001 

M NaOH using a chromate internal standard. Chromate was chosen for its high affinity 

for the quaternary ammonium groups of the SAX resin. It was assumed that chromium 

was 100 % retained on the column and that any losses occurred during sample 
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preparation for PIXE analysis. Results of the analysis are presented in Table 8.1. While 

absolute arsenic and chromium results did not correlate well from sample to sample. 

As/Cr ratios were consistent to within 14 %. 

To test the retention efficiency, the eluate was washed through a second column 

under the same conditions. As denoted by sample numbers Ix - 6x in Table 8.1, slight 

leakage of both chromium and arsenic occurred from the first column. Arsenic was 

detected only once in the second column whereas chromium was detected in all but one 

second column sample. Based on these results. As V is quantitatively (97 % - 100 %) 

retained on the first column at pH 10.5. 

A standard calibration curve for As V is shown in Figure 8.4. The curve has a 

correlation of 0.977 including the two outlying points. The outlying results are directly 

related to difficulties encountered in transferring the resin to the sample holder, and are 

indicative of a greater uncertainty than the statistical correlation optimistically suggests. 

The Bondesil SCX resin showed promise for retaining DMA. Figure 8.5 shows 

the calibration curve obtained for DMA retained on Bondesil SCX with 0.006 M TCA as 

the eluent. A second column elation using 0.02 M TCA (pH • 1) was performed on 

several DMA eluate fractions. At this pH, DMA should exclusively exist in the 

protonated form, and was expected to quantitatively retain on the SCX column. Second 

column results indicate that DMA is not completely retained on the first column. 

Approximately 11 - 13 % of the injected amount of DMA was detected in the eluate. 
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Table 8.1 PDCE response (ng/cm") for 500 ng each of arsenate as ASO4"" and chromate 
ion adsorbed to resin extracted from the microscale SPE column. The second column 
extraction results show that arsenate is quantitatively removed from aqueous solution 
under initial column conditions (pH 11). 

First Column Second Column 
As Cr As/Cr As Cr As/Cr 

1 390 636 .614 0 10.4 0 
2 259 474 .547 0 4.6 0 
3 208 379 .550 0 0 0 
4 218 406 .537 0 2 0 
5 285 479 .595 8.8 12.8 .69 
6 301 482 .625 0 4.6 0 
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DMA has been found to retain strongly and quantitatively on typical polystyrene 

bead resins such as Dowex 50-X8. The results of this experiment suggest that DMA 

experiment may preclude DMA from effectively partitioning from the mobile phase to 

the resin. If this is the case, a longer column with reduced flow rate may enhance 

retention of DMA on the microscale column. 

Attempts to retain trivalent arsenic and MMA were unsuccessful regardless of 

pH. At pH II, As m is expected to exist predominantly (• 90 %) as the singly charged 

arsenite anion. Sodium hydroxide was specifically chosen for column conditioning as 

hydroxide ion exhibits low affinity for the quaternary amine groups of the SAX resin. 

Arsenite was, therefore, expected to readily exchange with the weakly bound hydroxide 

ions. As in the full-scale experiment described in Chapter 7, arsenite was unretained by 

the Bond Elut SAX resin. 

MMA behavior was similar to that of As EH. Some retention of MMA was 

observed, but results were not reproducible under any of the conditions used. The 

greatest retention of MMA was observed when the SAX resin was conditioned with 

sodium hydroxide and the MMA eluted with 0.001 M ammonia. 

8.4 Conclusions 

As V and DMA exhibit excellent retention under relatively modest pH 

conditions. In contrast, anionic As HI has typically shown little affinity for quaternary 

amine based SAX resins; in the lEX/HGAAS method reported in Chapter 7, arsenite 

eluted with the ion exchange column solvent front. Based on the previous experiment. 
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MMA was expected to retain on the SPE resin under the conditions used; however, in 

all experiments. MMA demonstrated sporadic affinity for the SAX resin. Since pKa 

values favor retention. MMA must either be unable to displace the hydroxide exchanging 

anion or MMA may be forming an inert species in solution. 

Sample analysis by some instrumental methods may be more effective for the 

measurement of arsenic adsorbed to a solid medium. This is the case for the proton 

induced x-ray emission analysis described below. Another potential application exists in 

field separation of each species. Arsenic in environmental samples could theoretically be 

separated in the field at the point of collection. The four columns, each containing a 

different arsenic species could be shipped directly for analysis. Doing so may eliminate 

some of the sample preservation uncertainties inherently associated with analysis of 

environmental samples. 
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