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Iridium silicides are of current interest as candidate detector materials for silicon 

based, Schottky-barrier infrared focal plane arrays. In this work, the growth and structure 

of codeposited IrSis and IrjSi^ films is discussed as well as the effect of armealing and 

deposition temperature on pure Ir film depositions. Nearly single-phase polycrystalline IrSij 

films were formed by codeposition of Ir and Si in a 1:3 ratio at temperatures as low as 450 

°C. Localized epitaxial crystallite growth, identified by x-ray and electron diffraction, is 

found for IrSi3 films formed at temperatures >600 °C, with a previously unreported c-axis 

epitaxial crystallite growth on Si(ll 1) dominating at -700 °C. Single-phase polycrystalline 

Ir3Si4 films were formed by armealing room temperature 3:4 codeposited films, whereas 

localized epitaxial Ir3Si4 crystallite growth occurred for codeposition at temperatures of -500 

°C. Annealed Ir fihns initially form IrSi crystallites at temperatures of -350 °C and further 

react with the substrate to form polycrystalline IrjSis at temperatures ^550 °C. The Ir3Si4 

phase, not found in armealed reactions, dominated the growth of silicide films formed by hot 

Ir depositions at 500 °C. A previously unreported ^3814 epitaxial growth was identified for 

Ir depositions on Si(l 11) substrates. Resistivity measurements indicate that IrSij, IrSi, and 

Ir3Si4 films are metallic, where Ir3Si4 had the lowest resistivity of -60 |jQ-cm. Optical 

photoresponse and I-V measurements performed on diode structures indicate the barrier 

height of IrSij on p-type Si(Ill) (-0.33 eV) to be higher than that on p-type Si(lOO) 

(~0 .22-0 .25  eV) ,  l imi t ing  in f ra red  imag ing  capab i l i ty  to  the  SWIR (1 -3  | im)  and  MWIR 

(3-5 |im) atmospheric 
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transmission windows, respectfully. Codeposited Ir3Si4 films display optical barrier heights 

between 0.125 to 0.175 eV on p-type Si(lOO), providing possible imaging capability in the 

LWIR (8-12 |im) spectral region. ^3814 devices, displaying localized epitaxial crystallite 

growth, yield higher emission efficiency than polycrystalline Ir3Si4 films. Optical 

photoresponse measurements on a IrSi device also indicate a low optical barrier height 

(-0.12 eV) providing access to the LWIR spectral region. Optical measurements on IrjSis 

films are also presented. 
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CHAPTER 1 
Introduction 

1.1 Introduction 

My research focusses on the growth and characterization of iridium silicide films for 

use as detectors in Infixed (IR) Focal Plane Array (FPA) imaging systems. Silicide based 

FPA technology has developed over the years to become one of the most mature IR detector 

technologies presently available, where most of these FPA systems are based on PtSi 

detectors. PtSi detectors demonstrate high performance imaging capabilities in the MWIR 

spectral region of 3-5 fim. However, the intrinsic properties of PtSi/Si contacts limits their 

imaging capabilities to wavelengths less than ~6.0 |im. Research efforts to improve silicide 

based FPA technology consists of both increasing the MWIR performance of these systems 

and extending their imaging capabilities into the LWIR spectral region of 8-12 |im. Iridium 

based silicide films have displayed relatively low Schottky-barrier heights on p-type Si 

substrates in comparison to other metal-silicides. These low Schottky-barriers result in 

longer cutoff wavelengths when used as infixed detectors and have stirred up interest in 

developing iridium silicide based FPA systems. This interest has provided the impetus 

behind the work presented here. In addition, iridium silicides may also find applications for 

use in the electronics industry, where metal-semiconductor contacts are used for the gate-

electrodes in field-effect transistors (MESFET), the drain and source contacts in metal-oxide-

semiconductor transistors (MOSFET), the electrodes for high-power "impact ionization 

avalanche transit time" (IMPATT) oscillators and as low resistivity interconnects in 

integrated circuits.'-^ 



1.2 Infrared detectors overview 

Infrared detectors are used to detect radiation of wavelengths beyond the visible 

portion of the spectrum (> 0.7 [im), usually associated with heat energy, that all objects both 

natural and manmade emit. The InftaRed (IR) portion of the electromagnetic spectrum is 

defined from the Near IR beginning at 0.7 [im to the Far IR ending at 1000 jim. Objects at 

ambient temperatures of -300 K have a peak spectral emission at around 10 |im. The 

emission peak shifts towards lower wavelengths at higher temperatures and higher 

wavelengths for lower temperatures (Apoj-T = 3000 ^mK). In addition, the earth's 

atmosphere has many absorption bands throughout the Infrared spectrum, however it is 

relatively transparent in the Medium Wavelength IR (MWIR) of ~3-5 |im and the Long 

Wavelength IR (LWIR) of ~8-14 [am. Therefore, development of IR detectors for most 

terrestrial imaging applications has focussed around die MWIR and LWIR spectral bands. 

A number of detector technologies utilizing different physical mechanisms to sense 

IR radiation have been developed. They can generally be classified as either thermal or 

photon detectors. Thermal detectors employ the absorption of IR radiation which produces 

a temperature change in the detector element. The temperature change induces a variation 

in a physical property of the detector (eg. resistance in a bolometer or an induced voltage in 

a pyroelectric) which is subsequently measured by associated electronics. Generally, for a 

given type of thermal detector, a higher differential change of the physical property with 

respect to temperature leads to higher performance (output signal to noise) of the device. A 

photon detector utilizes the absorption of photons which creates free carriers (electrons and 
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holes) that can be sensed as either a change in the conductivity of the detector 

(photoconductor) or the generated photocurrent can be measured directly (photovoltaic). In 

these devices, higher quantum efficiency (generated carriers/incident photons) generally 

leads to better performance. Schottky-barrier silicide detectors are a photovoltaic type of 

detector. Further information on the other types of IR detectors can be found in the 

references.^-'' 

Infirared detectors are useful for a variety of applications. They can be used in 

applications such as locating poorly insulated areas of buildings, daytime and nighttime 

surveillance systems, fire detection systems, and for monitoring manufacturing processes 

where temperature stability is important. In the scientific community, IR imagers find use 

in remote sensing applications for monitoring earth resources, sensors for spectrometers, and 

characterizing the solar system by astronomical imaging. In addition, medical applications 

of infrared detectors for use in laser surgery and the detection of cancer have also been 

demonstrated. The military has clearly been a major driving force behind the development 

of IR imaging systems, where their utilization includes night vision imaging applications, 

sensors for heat-seeking missiles, tracking and targeting systems, and satellite surveillance. 

Simple single element detectors fulfill some of the above requirements, however many of 

these applications require a thermal imager providing a "real-time" spatial image to achieve 

their task. 

The earliest high performance thermal imaging systems (1960's) utilized single 

element or small linear detector arrays to sample the image scene via a mechanical scanning 



optical system.^ For these systems, the effective time a detector images one scene element 

(dwell time) is relatively short due to the necessity of scarming the entire scene in one frame 

time (typically s 33 msec). Therefore, the detectors used in these systems require high 

sensitivity and relatively short response time. Cryogenically cooled photoconductive and 

photovoltaic detectors are most appropriate for these systems. Lead salt, such as PbSe and 

PbTe, and InSb detectors were the first materials incorporated into MWIR systems. Initially, 

LWIR systems were based on Hg doped extrinsic Ge.® However, the development of Hg,. 

^Cd^Te detectors allowed for higher operation temperature as well as control of the cutoff 

wavelength with suitable variation of the x value in the compound.' Most present day high 

performance LWIR scarming systems are based on HgCdTe detectors. Scarming systems 

demonstrate relatively high performance, but their sensitivity is flmdamentally limited by the 

short dwell time on each scene element where the signal to noise is proportional to the square 

root of the dwell time. Furthermore, the complexity of the scanning optical system can lead 

to problems in reliability and overall system durability in high shock environments. 

Around 1970, the invention of the Charge-Coupled Device (CCD) demonstrated the 

ability to make high-density, solid-state visible detector arrays.*-' This led to producing IR 

Focal Plane Arrays (FPA) by combining a high density, two dimensional infrared detector 

array with readout electronics to multiplex the output of the detectors. In addition, indium 

bump bonding technology allowed compound semiconductor IR detectors such as InSb and 

HgCdTe, formed on preferred substrates, to be interfaced with low noise silicon based 

readout multiplexors to form hybrid FPA's. The FPA concept allowed for improvements in 



the sensitivity and resolution of scanning imaging systems through the fabrication of larger 

linear and two dimensional arrays (e.g. 960 x 4 elements). In scanning systems, these arrays 

allow for longer dwell times on each scene element and Time Delay and Integration (TDI) 

of adjacent detectors imaging the same scene element at slightly different times to be 

electronically added to improve overall system sensitivity. However, the development of 

large area, high resolution staring FPA's (non-scanning format) has been the impetus behind 

most research in the IR community over the last few decades. In a staring FPA, the dwell 

time on each scene element can approach the frame time, leading to vast improvements in 

system sensitivity. Furthermore, the cost, complexity and reliability problems associated 

with the scanning optical system are completely eliminated. A great deal of information on 

the development of different types of IR FPA technologies can be found in the SPIE annual 

proceedings.'" 

With the introduction of multiple element IR detector arrays, another important 

criterion, other than quantum efficiency and spectral sensitivity, for detector fabrication 

became apparent. Non-uniformity in photoresponse between individual detectors in the 

FPA, which manifests itself as a pattern noise degrading final image quality, is an important 

factor in the fabrication of these devices." Mooney et al. have surmized that the maximum 

sensitivity of a FPA is limited by the residual nonuniformity of the device.'- Detector non-

uniformities can be corrected to some extent by post signal processing and correction 

algorithms, however the complexity and degree to which the correction is successful is 

directly related to the initial nonuniformities present in the array. The fabrication of 



detectors exhibiting uniform photoresponse has been an important factor in FPA 

development. 

1.3 Development of Silicide FPA technology 

Back in 1973, shortly after the introduction of visible CCD devices. Shepherd and 

Yang proposed the use of silicide Schottky-barrier internal photoemission devices as IR 

detectors in two-dimensional staring FPA systems." One clear advantage of the silicide 

Schottky-barrier device over many other IR detector technologies is its direct compatibility 

with Si based semiconductor processing. Initially, Pd^Si was chosen as a detector element 

and the first monolithic IR Schottky barrier CCD device was demonstrated in 1975 by RCA 

(David Samoff Research Center), where monolithic refers to the detector and readout 

electronics together on the same substrate.The array demonstrated relatively uniform 

photoresponse as a flmdamental advantage associated with silicide technology. However. 

PdiSi was limited to imaging in the Short Wavelength IR (SWIR = 1-3 jim) window where 

the photon exitance of terrestrial objects is relatively low. Further research in silicide 

detector technology led to the incorporation of PtSi as a replacement for Pd^Si in these 

systems. In 1978, the first monolithic PtSi array, with 25x50 elements, was demonstrated 

with imaging capability in both the SWIR and MWIR spectral region." The higher photon 

exitance in the MWIR spectral band made this technology more desirable than Pd^Si for 

terrestrial imaging applications. 

Since the late 1970's, a number of improvements in PtSi FPA technology have 



occurred including extending the cutoff wavelength (~4.6 ^rni to -6.0 nm), increasing the 

sensitivity of the sensors, higher uniformity in photoresponse, and the production of both 

hybrid and monolithic FPA's with densities as high as 1040 x 1040 elements, the largest 

commercially available FPA's for any detector technology at present.'® One fundamental 

limitation for the use of silicide detectors results fix)m their inherent low quantum efficiency 

(ratio of useable carriers to incident photons). PtSi detectors, for example, exhibit less than 

3% quantum efficiency over the MWIR band whereas other detector technologies such as 

InSb and HgCdTe may have as high as 80 % and 70 %, respectively. Low quantum 

efficiency may limit the usefulness of silicide technology in some low signal level/high 

speed imaging applications. However, the long dwell time of the silicide FPA architecture 

provides higher sensitivity than many scanning systems based on these other detector 

technologies. Furthermore, the combined attributes of high uniformity, high resolution, 

reliable fabrication, and low readout noise demonstrated by PtSi FPA technology 

compensates for it's low quantimi efficiency in terms of final imaging performance for many 

imaging applications. 

1.4 The silicide Schottky-barrier infrared detector 

A silicide Schottky-barrier IR detector consists of a thin silicide film (assumed 

metallic) in intimate contact with a p-type Si substrate, where the potential barrier formed 

at the junction of the two materials is known as a Schottky-barrier. The junction forms a 

rectifying contact having the properties of a diode. A heavily doped guard-ring is implanted 
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around the periphery of the detector to prevent edge leakage current and premature 

breakdown due to high fields generated at the edge of the device. Backside illumination 

(imaging through the Si substrate) is generally used, providing a filter to photon energies 

greater than ~ 1.1 e V which are absorbed in the Si substrate. Since a bare Si substrate will 

have a reflectance of ~40 % over the L WIR and MWIR spectral regions, an antireflection 

coating is applied to the back of the substrate to minimize this effect. In addition, an optical 

cavity is generally formed on the detector to reflect initially unabsorbed radiation back 

through the silicide film to further enhance overall quantum efficiency. Figure 1.1 shows a 

schematic representation of a typical silicide detector. The detectors are operated at a reverse 

bias (e.g. 5 volts) compatible with readout multiplexor electronics. The detector utilizes the 

process of internal photoemission for detection of IR photons. In order for emission to 

occur, the carrier's energy must be close to or exceed that of the Schottky-barrier height. 

Therefore, the barrier height determines the lower limit on photon energies (upper limit in 

wavelength) which can be detected by the device. 

P-type Silicon 

Figure 1.1 Schematic of silicide detector 
incorporating antireflection coating, optical 
cavity, and guard-ring structure. 
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Figure 1.2 Band diagram showing formation of a Schottky-barrier at the 
interface of a metal and doped, p-type semiconductor in thermal 
equilibrium. 

1.5 The Schottky-barrier height 

At the interface of the silicide/Si contact, a Schottky-barrier is formed.' Figure 1.2 

shows the ideal model of a metal and p-type semiconductor before and after making intimate 

contact assuming no oxide layer/contamination at the interface. In thermal equilibrium, the 

fermi levels of the metal and semiconductor in contact must coincide. The Fermi level in the 

p-type semiconductor is raised in energy to match the Fermi energy of the metal, resulting 

in a hole depletion region in the semiconductor and the formation of a potential barrier at the 

interface. Therefore, the barrier height for hole emission will be given by 



i K ' -  '("f. - V  

28 

l.l 

where Xs Eg are the electron affinity and bandgap of the semiconductor, respectively, and 

Tm is the work function of the metal. For an n-tj^je semiconductor, the barrier height for 

electrons is correspondingly given by 

- V 1.2 

Therefore, from this ideal analysis, the sirai of the barrier heights for the same metal on n-

type and p-type substrates should be equal to the bandgap of the semiconductor. 

Furthermore, for any given semiconductor the barrier height of the contact, qTo, would be 

solely dependent on the work fimction of the metal. However, experimentally it is found that 

the barrier height is less sensitive to the work flmction of the metal in many cases than this 

simple analysis above suggests. One explanation for die lower dependence on the metal 

work function follows from the presence of interfacial or surface states at the 

semiconductor/metal interface. Their presence will modify the barrier height from the simple 

analysis given above. Also, in the case of epitaxial NiSi,, a difference in measured barrier 

heights of ~0.13 eV was found for two different orientations of the crystallites on n-type 

Si(l 11) substrates. This suggests that the Schottky-barrier height can also be a function of 

the interfacial structure of the contact as well as the bulk properties of the materials. In 

addition, variations in the experimentally determined barrier heights by different researchers 

on the same metal/semiconductor system suggests that the barrier height is also dependent 



upon processing technique, where surface contamination and interface microstructure may 

clearly vary from sample to sample. Therefore, the barrier height obtained for a given 

metal/semiconductor system will likely be dependent upon a number of factors and generally 

must be determined experimentally. A comprehensive review of Schottky barrier theory and 

experimental work on metal semiconductor contacts is found in Rhoderick and Williams.'^ 

Assuming that an equilibrium condition potential barrier, as summarized above, is 

established at the silicide/Si interface, the effect of image force lowering and an applied 

electric field will modify the effective barrier height seen by a hole during transport from die 

silicide into the Si substrate. A hole displaced from a metallic surface will be acted on by 

an attractive force given by 

-q ̂ 
F= ^—-=qE 1.3 

I67te^ 

known as the "image force". The potential as a function of distance x from the interface due 

to this force is given by 

4)(x) = -—?— 1.4 
leite^x 

where the value at <» is assumed to be zero and e, is the Si dielectric constant. Assuming 

that the substrate doping N, is uniform, the electric field in the depletion region is given by 

qN 
E(x) = - X) 1.5 
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where W is the width of the depletion region and the electric field is a maximum at the 

interface. By integrating the electric field to obtain the potential as a function of x and 

summing this contribution with that of the image force potential, the resulting potential as 

a function of x from the interface is given by 

q^N 2 
q^(x) = ?i|;, + 1.6 

6 2 167ce* 
I X 

The depletion width is defined as the distance to flatband in the Si and using the abrupt 

depletion approximation is given by 

26 j 

where Vb, is the built in voltage due to formation of the Schottky-barrier and is the reverse 

bias of the detector. The potential function peaks inside the Si substrate and can be found 

by differentiating equation 1.6 with respect to x and setting the derivative equal to zero. The 

peak value of the potential barrier is then found to be approximately 

2 e N  ( V ^  + V )  -
- • '• 1.8 

26, 

with an approximation that the location of the maximum inside the Si, x^, is much smaller 

than the depletion region width, W. From equation 1.8, it follows that the effective barrier 

height of the detector is a function of the substrate doping (NJ. In addition, increasing the 
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reverse bias (V^) on the detector has the combined effects of further barrier lowering and 

pushing the position of the potential maximum closer to the interface. Figure 1.3 shows the 

combined effects of the image force and applied bias on the barrier height of the detector. 

The effect of reverse bias on the optical barrier height of PtSi detectors has been found 

consistent with the predictions of equation 1.8." 
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Figure 1.3 Schottky-barrier lowering due to image force effect and 
applied reverse bias on detector. 

1.6 Optical detection in Schottky-barrier detectors 

The optical detection process of a silicide Schottky-barrier IR detector results from 

internal photoemission of excited carriers, where the process is analogous to that of vacuum 

photoemission described by Fowler in 1931." The three fundamental parts of the internal 

photoemission process are; 1) photon absorption, an absorbed photon excites an electron-

hole pair in the silicide; 2) carrier transport, the hole propagates through the silicide layer 

until reaching the Schottky-barrier; 3) emission, the carrier traverses the Schottky-barrier into 
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Figure 1.4 Internal photoemission process of Schottky-barrier diode showing 
optically excited holes exhibiting direct emission, back-wall scattering, and 
reflection at the potential barrier. 

the Si substrate resulting in a photocurrent which can be measured. Figure 1.4 depicts the 

process of internal photoemission in a Schottky barrier detector. Modeling of internal 

photoemission into semiconductors has been discussed in some detail and can be found in 

the references.-" Following the results of these models, a general form for the quantum 

efficiency of a silicide detector, assuming uniform spectral absorption, is given by 

where Cf is a constant dependent on the internal photoemission efficiency of the device, hu 

is the incident photon energy and is the optical barrier height. The corresponding cutoff 

wavelength of the silicide detector is found to be 

^ hv 
1.9 
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where Top, is in electron volts and the cutoff wavelength is in microns. Therefore, the cutoff 

wavelength will increase with increasing bias due to the barrier lowering effect discussed 

above. In addition, Cf is also observed to increase in value with increasing bias. The 

variation in Cf is believed to result from the decrease of the potential maximum from the 

silicide/Si interface with higher bias (eqn. 1.8), resulting in lower carrier scattering in 

transport across this region.'* From equation 1.9, it follows that the detector photoresponse 

decreases with increasing wavelength up to the cutoff wavelength. In addition, the quantum 

efficiency of the detection process at the wavelengths of interest (> 1 |am) is relatively low, 

where the Cf values of PtSi detectors, for example, are typically less than 30 %/eV. 

The relatively low quantum efficiency of the Schottky-barrier detector results from 

a number of physical mechanisms of the internal photoemission process.-' A photon, with 

energy greater than the barrier height, can excite an electron-hole pair originating from below 

the fermi level which may not have enough momentum to surmount the barrier as shown in 

Figure 3.4. In addition, if a photon does excite a "hot" carrier to an energy level greater than 

the barrier height, the momentum of the carrier normal to the barrier must exceed that 

necessary for emission upon approach or it will be reflected. With the assumption of 

isotropic excitation, the probability of the "hot" carrier being directed towards the barrier 

with sufficient energy is even further reduced. Furthermore, the "hot" carrier may suffer 

multiple inelastic scattering with phonons as well as collisions with cold carriers which can 
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reduce the energy well below the barrier height. However, scattering at surfaces and grain 

boundaries (assumed elastic) can redirect carriers, thereby increasing the probability of being 

directed towards the barrier and being collected. To take advantage of increased emission 

by backwall scattering of carriers initially not directed towards the barrier, the silicide layer 

must be reduced in thickness. Furthermore, since a decrease in metal thickness may also 

proportionally decrease photon absorption, a tradeoff between the two processes will lead 

to some nominal thickness to maximize the overall quantiun efficiency of the detector. 

However, the physical processes associated with internal photoemission dictates that 

relatively low quantum efficiency is somewhat fundamental to Schottky-barrier IR detectors. 

1.7 Current-voltage characteristics of Schottl^-barrier detectors 

In addition to optically generated carriers, the Schottky-barrier detector will also have 

an associated current (dark current) due to thermally generated carriers. The current 

transport process in a Schottky-barrier diode results from the diffusion of carriers through 

the depletion region in the semiconductor and thermionic emission of carriers over the 

potential barrier formed at the junction. In high mobility semiconductors such as Si. 

thermionic emission of the majority carriers (holes for p-type semiconductors) is found to 

be the dominant mechanism limiting current transport. The general expression for the ideal 

current-voltage characteristics of the device is given by the following' 

-qf tK 
J  =  A - - T '  e  -  1) 



Where A** is the Richardson constant (~30 A cm'- for holes in Si), k is Boltzman's 

constant, T is the operating temperature, V is the applied bias voltage and Y is the effective 

barrier height. Since a Schottky-barrier detector is operated under reverse bias (~ 5 volts), 

the dark current density of the detector is given by 

J  ^  A  " T ^  e  "  

It is this thermally generated dark current that requires Schottky-barrier detectors to be 

operated at cryogenic temperatures for good imaging performance. For example, PtSi 

detectors with cutoff wavelengths of ~6 |im (0.21 eV) are operated at liquid nitrogen 

temperatures (77 K) to adequately suppress dark current generation and would have a dark 

current density of -2x10"* amps/cm* according to equation 1.12. The cooling requirements 

for imaging in the LWIR spectral band of 8-12 [am with silicide technology will further 

increase the cooling requirements. To obtain a similar dark current density in a silicide 

detector with a cutoff wavelength of 10 |im will theoretically require cooling to ~50 K. 

Similarly, a detector with a cutoff wavelength of 12 |im requires cooling to -40 K. 

Therefore, extending the cutoff wavelength of the detectors leads to increased cooling 

requirements for high performance imaging. 
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1.8 Extending the cutoff wavelength of silicide-based FPA's 

There has been a continuous effort to improve the capabilities of silicide based FPA 

systems since their introduction in the early 1970's. Many of these improvements are related 

to advances in semiconductor processing and photolithography. As far as the detector 

element is concerned, there are basically two avenues available for improving the capabilities 

of these systems. The first is to increase their intemal emission efficiency. The 

incorporation of optical cavities, antireflection coatings, and optimization of the detector 

thickness and processing of PtSi detectors has led to substantial improvements in this 

respect. However, silicide detectors do have some fundamental limit to their emission 

efficiency due to the intemal photoemission process and substantial mcreases in the emission 

coefficients presently obtained for PtSi are not anticipated. This is not to say that these 

efforts are not worthwhile since any increase in emission efficiency produces beneficial 

results. However, a more promising method for increasing the performance of these devices 

is by extending the cutoff wavelength of the detectors in these systems by lowering of the 

Schottky-barrier height. Of course, lowering of the barrier height also results in an increased 

cooling requirement for adequate suppression of dark current which must be considered in 

the application of this technique. 

Lowering of the Schottky-barrier height, Top,, while maintaining a similar emission 

coefficient, C(, clearly increases the detector's quantum efficiency at all detectable 

wavelengths as identified by equation 1.9. For example, consider the case of a high 

performance PtSi detector, having a cutoff wavelength of 6 [im (~ 0.21 eV) and an emission 



coefficient, Cf, of 25 %/eV. Substantial improvements in imaging performance in the MWIR 

(3-5 (im) spectral region are obtained by increasing the quantum efficiency at the longer 

wavelengths. The increase results mainly because the spectral photon output at 5 (im is more 

than an order of magnitude higher than that at 3 |am for objects near ambient temperatures. 

With an extension of the cutoff wavelength to 7.5 |im (0.165 eV), the quantum efficiency at 

5 ^m is increased by a factor of 4. Furthermore, extension of the cutoff wavelength also can 

relax the requirements on the emission efficiency, where the quantum efficiency of a 7.5 |am 

cutoff device with an emission coefficient of 17 %/eV is higher at all wavelengths in the 

MWIR spectral region than the typical PtSi detector. For a 10 fim cutoff detector, an 

emission coefficient of 13 %/eV results in higher quantum efficiency over the MWIR 

spectral region as well as access to the LWIR (8-12 ̂ im). The potential for increased MWIR 

imaging performance and access to the LWIR spectral region has generated interest into 

extending the cutoff wavelength of silicide detectors for use in FPA applications and has 

provided the motivation for my research. 

Lowering the Schottky barrier height of the detectors can be accomplished in several 

ways. Increasing the bias on the detectors to more than a few volts is generally not practical 

due to the necessity of interfacing with readout electronics, and leads to only a small amount 

of barrier lowering according to equation 1.8. In addition, edge breakdown and leakage of 

the diode at higher bias can lead to poor device performance. Increasing the doping of the 

Si substrate by practical amounts similarly results in only relatively small amounts of barrier 

lowering in the detector. However, the formation of an ultra-thin, highly doped p++ Si layer 
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at the silicide/Si interface has demonstrated significant amounts of barrier lowering in 

silicide devices.^ The large number of ionized carriers at the interface creates a high electric 

field, which in addition to the image force results in significant barrier lowering. In 1993. 

Lin et al. demonstrated PtSi detectors with highly doped layers having optical cutoff 

wavelengths beyond 20 jim.^ In addition, formation of PtSi on Si^Ge,.^ heteroepitaxial 

layers has revealed significant barrier lowering in comparison to standard PtSi/Si films.-"* The 

results of these studies show promise for increasing the performance of silicide based FPA's 

using these techniques. However, reproducibility and uniformity of these devices has not yet 

been demonstrated to my knowledge. Finally, one can simply replace die detector with a 

material having an intrinsically lower barrier height. In my research, I have studied the 

potential of iridium silicides to produce detectors with lower barrier heights for FPA 

applications. The barrier lowering techniques investigated for PtSi detectors should also be 

applicable to iridium silicide devices, however these methods were not investigated in my 

study. 

1.9 Iridium Silicides for FPA applications 

Iridium silicide based detectors have demonstrated the potential for imaging in the 

LWIR region and improving the MWIR performance of silicide based detector systems. In 

1982, Pellegrini et al. reported on the first iridium silicide IR detector which yielded a barrier 

height of -0.15 eV, corresponding to a cutoff wavelength of ~8.2 |im.-^ The emission 

coefficient of - 5 %/eV was relatively low in comparison to PtSi detectors . However, 
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Researchers and Year 
of report 

¥ 
(eV) 

Cf 
(%/eV) 

^oaofr 
(urn) 

Y,.v 
(eV) 

Comments 

Pellegrini et ai." 
1982 

0.152 5.0 8.2 0.155 Bias = ? 
Si = 10 Q-cm 

Naoki Yutani et al." 
1986 

0.170 3.5 7.3 0.156 Bias = 5 V 
Si = ? 

Pellegrini et. al.*® 
1987 

0.152 
0.125 

2.3 
5.5 

8.2 
9.9 0.127 

Bias = ? 
Si = ? 

B-Y Tsaur et al." 
1988 

0.148 2.7 8.4 - Bias = 50 V 
Si = 30 Q-cm 

B-Y Tsaur et al.^ 
1988 

0.129 
0.116 

9.6 9.6 
10.7 

0.122 Bias = 2 V 
Bias = 30 V 

Si« 30 Q-cm 

IrSi by TEM 

M. Cantella et al.® 
1989 

0.126 9.8 9.8 0.12 Bias = 1 V 
Si = 20-30 Q-cm 

B-Y Tsaur et al." 
M.McNutt et al 

1989, 1990 

- ^.0 -9.4 0.132 Bias = ? 
Si = ? 

T.L. Lin et al." 
1990 

0.180 4.3 6.9 0.140 Bias = 0 V 
Si = l-IO Q-cm 

IrSij by TED 

B-Y Tsaur et al." 
1990 

0.117 4.3 10.6 0.115 Bias = 1 V 
Si = 15 Q-cm 

A. Czemik et al." 
1992 

0.150 - 8.2 - Bias = ? 
Si = 25 Q-cm 

J. Jiminez et al." 
1993 

0.140 
0.125 

10.6 
12.1 

8.9 
9.9 

- Bias = 1 V 
Bias= 10 V 

Si = ? 

Table 1.1 Table of optical barrier heights, cutoff wavelengths, and emission coefficients for 
iridixim silicide detectors and FPA's on standard p-type Si substrates in the absence of barrier 
lowering techniques. The reported barrier heights fi:om thermal activation energy 
measurements are also given . 



Pellegrini's results demonstrated the potential for iridium based detectors to extend the 

capabilities of silicide technology beyond the MWIR spectral region. In 1986, the first FPA 

incorporating iridium silicide based detectors revealed a slightly lower cutoff wavelength of 

~7.6 |im." Later in 1989, a FPA incorporating iridium silicide detectors was reported having 

a cutoff wavelength of ~9.4 The latter system demonstrated the first L WTR imaging 

capabilities for silicide based FPA's. In addition, the uncorrected rms uniformity within the 

array was reported to be ~1.5 %, only slighdy higher than that found high performance PtSi 

arrays (~1%). Table l.I summarizes the reported values of barrier heights and optical 

parameters obtained for iridium silicide on standard p-type Si substrates. The reported data 

demonstrates the longer cutoff wavelengths obtained with iridium silicide films when 

compared to standard PtSi detectors. The highest reported value of ~10.6 jam (1 volt) clearly 

demonstrates the LWIR imaging potential of iridium silicide films. The relatively low 

emission coefficients ( < 12 %/eV) reported with respect to PtSi appear to be somewhat 

intrinsic to the iridium silicide films. This may be attributed to lower optical absorption 

and/or higher scattering losses of the photoexcited carriers in these materials. 

In comparing the reported barrier height and emission coefficient values in Table l.I. 

one must remember that the barrier heights (cutoff wavelengths) and emission coefficients 

can vary with bias voltage and semiconductor doping as discussed previously. However, the 

scatter of the values observed in the data suggests clear differences in barrier heights found 

in the various studies. Some of the discrepancies may clearly result from different 

processing methods (e.g. cleaning procedures, deposition and annealing, etc.) used in the 
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formation of these films. Furthermore, in most of these studies determination of the silicide 

phase or phases present in the fihns was not performed by independent material 

characterization techniques. In general, the material is assumed to be IrSi, or is referred to 

generically as "IrSi" to distinguish the film as an iridium silicide (except where noted). The 

formation of different iridiiim silicide phases in these films can also yield differences in the 

measured parameters, where each of the iridium silicide phases may clearly have different 

barrier heights and emission characteristics. Interestingly enough, to my knowledge a 

systematic study of the various iridium silicide phases as IR detectors has not been attempted 

previously to the work presented here. 

1.10 Goals and overview of dissertation 

There were two major goals I attempted to achieve over the course of this research. 

My primary goal was to develop growth methods, using MBE deposition techniques, to form 

various types of single-phase iridium silicide films compatible with FPA processing 

(temperatxires < - 900 °C). The formation of single-phase films is important for FP.A. 

applications to minimize detector to detector photoresponse variations on the array which can 

occur with multiple-phase film growth. Furthermore, single-phase film growth was also 

necessary to establish the potential of these different iridium silicide phases for use as 

infirared detectors in FPA systems. The goal was to determine which silicide phase or phases 

show the most promise for FPA applications (i.e. long cutoff wavelength, high emission 

efficiency, good material characteristics, etc). It is hoped the results of this study will assist 



other researchers in the development of iridium-silicide based FPA's. 

The following chapters of this dissertation summarize the results of my work on 

iridium silcides. In chapter 2,1 discuss the MBE deposition system, substrate preparation, 

and growth of the silicide films. Chapter 3 details the material characterization techniques 

used to analyze the iridium silicide films, where a discussion of the results are found in 

Chapter 4. In Chapter 5,1 present the results of electrical and optical measurements on some 

of these films. Finally, I summarize the results of this work in chapter 6. 
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MBE-Deposition of Iridium Siiicides 

43 

2.1 Molecular Beam Epitaxy (IMBE) system 

I deposited all of the samples investigated in my research using a Modified Perkin-

Elmer 433-S Molecular Beam Epitaxy (MBE) system. The MBE system consists of four 

main chambers: die introduction chamber, a SMOKE (Surface Magnetic Optical Kerr Effect) 

chamber used for studying magnetic film properties, the analysis chamber, and the growth 

chamber. These chambers are all interconnected by transfer rods which allow in siiu 

movement of die samples through gate valve openings. A schematic representation of the 

MBE system is shown in figure 2.1. 

The introduction chamber provides an intermediary between the outside atmospheric 

conditions and die ultra-high vacuum of the MBE system. Substrates, which are mounted 

in a secure holder, are placed into the introduction chamber at atmospheric pressure. A 

sorption pump initially evacuates the introduction chamber to a pressure of approximately 

5x10'^ torr before switching over to a cryopump system. The cryopump lowers the vacuum 

level to ~ 5x10"^ torr in one hour. The sample can then be transferred to the SMOKE 

chamber at ultra-high vacuum (~3xlO'"' torr). 

From the SMOKE chamber, a transfer rod moves the sample to the growth chamber 

directly underneath the sample manipulator. The substrate is secured to the manipulator by 

a fork, which lifts the holder off the transfer rod into a locked position. 
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Figure 2.1 Schematic of the modified Perkin-Elmer 433-S MBE system used in 
this work for deposition. 
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for deposition. 

The growth manipulator is a versatile sample holder providing many useful features 

for the formation and analysis of iridium silicide films. Ifs location at the focus of a 10 KeV 

Reflection High Energy Electron Diffraction (RHEED) system allows surface 

characterization without interruption of growth. A reverse-view Low Energy Electron 

Diffraction (LEED) system is accessed by interrupting growth and rotating the manipulator 

stage 180 degrees away from the source material. In addition, the manipulator incorporates 

a graphite filament heater with a temperature range of 20 °C to 950 °C. This allows 

deposition at varying substrate temperatures as well as post-annealing of the deposited 

silicide films. Another of the important features of this sample stage is its abilit>' to rotate 

the substrate during deposition. This rotation feature assures a more uniformly deposited 

thickness profile of the films across the substrate smface. 

1 deposited Ir and Si from t\vo separate electron beam guns located in the growth 

chamber of the MBE to form the silicide films. The 99.995% pure Ir and 99.9999% pure Si 

materials were deposited from water-cooled Leybold (ESV-6) four pocket and Temescai 

(SFIH 270-2) single pocket e-guns, respectively. The guns are powered by a Temescai CV-

8,10 KV, 8 KW power supply. An Electron Impact Emission Spectroscopy (EIES) sensor 

located above each target material bombards the evaporant flux with elecfrons and monitors 

the evaporation rates by measuring characteristic ultra-violet photons emitted by the 

materials. An Inficon Sentinel III deposition controller uses feedback from this sensor to 
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control the power of the electron gun energy onto the target material to maintain a constant 

deposition rate. In addition, to keep the deposition rates as accurate as possible, the Ir and 

Si parameters of the controller are periodically updated by Rutherford Backscattering 

Spectroscopy (RBS) thickness measurements on calibration samples formed on carbon 

substrates. 

The MBE growth chamber also contains high-temperature Kneudsen cells that 

evaporate materials by resistive heating to temperatures as high as 2000 °C. I deposited Au 

and Ag from these cells to form contacts to iridium silicide devices used for characterizing 

the electrical and optical properties of these films. An ion pump and cryopump continuously 

evacuate this chamber to achieve a base pressure of ~ 1x10"'° torr and maintain a pressure 

during film growth of < 5x10"' torr. 

Since the sample must be in an upright position for measurements in the analysis 

chamber of the MBE, a small holder called "the pacman" holds the substrate and allows the 

sample to be flipped during transfer into this chamber. The analysis chamber's sample stage 

is equipped with a graphite heater element with a maximum temperature of 800 °C. For in 

situ analysis, there are x-ray sources with Mg targets for X-ray Photoelectron Spectroscopy 

(XPS) and a 5 KeV electron gun for Auger Electron Spectroscopy (AES), which are both 

coupled to a double-pass Cylindrical Mirror Analyzer (CMA) and an electron multiplier. A 

computer controlled interface allows temporal averaging of the signal to improve the 

sensitivity of the measurements. An ion pump keeps the base pressure of this chamber below 

5x10"" torr to minimize contamination during analysis. 
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2.2 Substrates and cleaning procedure 

I deposited ail of the films in this work on boron doped, p-type Si(lOO) and p-type 

Si(lll) substrates that were chemically polished by the vendor to prime quality on one side. 

The resistivity of the substrates was greater than 10 Q-cm for most of the samples discussed 

in this dissertation. However, I used 1-3 Q-cm Si(IOO) substrates for some of the device 

structures used for optical characterization. The approximately 0.04 cm thick Si(IOO) and 

Si(l 11) substrates were cut to be on orientation with a +/- 0.2 degree tolerance. Atomic 

Force Microscopy showed the surfaces of silicon wafers with their native oxides to be 

extremely smooth with less than 3 A rms surface roughness. 

Since I was interested in growing iridium silicide films with clean interfaces, it was 

necessary to rid the Si surface of its native silicon dioxide (SiO,) layer which is present under 

atmospheric conditions. An electronic grade 48% hydroflouric acid (HF) solution was 

diluted in deionized water to form a 3% by volume HF solution. The Si wafer was immersed 

into this HF bath for two minutes and then pulled out. Since a non-oxidized silicon wafer 

is hydrophobic, I could tell the oxide was removed due to the beading of the solution on the 

substrate surface. I removed any remaining beads of the solution from the wafer's backside 

using a lint free, cotton cloth before placing the wafer into its holder. The substrate was 

immediately moved to the introduction chamber and placed under vacuum. The sharp Si 

RHEED streaks observed from these cleaned substrates verified that their surfaces were 

nearly free of SiOj. 



I examined the surfaces of the HF acid cleaned substrates using AES and XPS to 

identify any residual contaminants on the surface. For a more detailed explanation of these 

analytical techniques, the reader is referred to chapter three of this document. The results of 

this study showed the as-cleaned silicon surfaces were free of contamination other than trace 

amounts of oxygen, carbon, and fluorine. The presence of hydrogen on the surface could not 

be verified due to the insensitivity of these techniques to this element. Quantitative analysis 

of the AES and XPS data showed the carbon and oxygen content on all the surfaces 

examined were less than 5% and 3%, respectively. The fluorine signal was absent in the 

Auger spectra and its occupancy on the surface was verified only by a characteristic peak 

seen in the XPS spectra. The fluorine concentration on the surface was estimated to be less 

than 1%. The oxygen content showed a significant decrease only when the wafer was 

annealed at temperatures around 800 °C. However, the carbon signal did not decrease with 

armealing temperature. This indicates the formation of silicon carbide (SiC) on the surface 

instead of hydro-carbons which should desorb in vacuimi at elevated temperatures. 

In conclusion, the simple 3% HF dip of the Si wafer was successful at removing the 

majority of the native SiO, layer from the surface of the Si wafers. Both AES and XPS 

analyses on these cleaned substrates showed that trace amounts of oxygen, fluorine, and 

carbon may be present on the substrate surface prior to deposition. It is not clear at the 

present time if these contaminants remain at the interface, are desorbed during formation of 

the silicide film, or are redistributed into the silicide film after growth. Transmission 

electron microscopy studies by Tsaur et al.^° show that oxygen may diffuse 



through iridium silicide fihns to form an oxide at the interface during furnace annealing. 

Other results found by Mercer^' using an AES sputter depth profiling technique suggest that 

interfacial oxide may also get incorporated into the film structure during silicide formation. 

Since only a small amount of contamination was detected, it should not affect the silicide 

film formation or the macroscopic physical properties of the materials to any great extent. 

However, if the contamination remains at the silicon surface, the localized electronic 

properties of the interface may be altered due to their presence. 

2.3 Formation of iridium silicide films 

I grew iridium silicide films on the HF cleaned Si wafers by two distinct methods. 

In one case, a pure Ir film was deposited and the silicide formed by interdiffusion of the Ir 

atoms with the Si atoms of the substrate. In the second type, where a codeposition technique 

was employed, the Ir and Si atoms were coevaporated in a fixed ratio to favor the growth of 

only one iridium silicide phase. In the following section, I outline the deposition procedures 

used for films in this study. 

I studied the growth of thin Ir films deposited on both hot and cold substrates. In 

general, room temperature substrates do not provide sufficient energy to form complete 

silicide films. By varying the armealing temperatures of these fihns, up to 950 °C, I formed 

complete Ir^Siy silicide structures. In addition, I studied the growth of Ir films deposited onto 

hot silicon substrates at temperatures between 400 °C and 600 °C. In this temperature range, 

anomalies in optical photoresponse have been reported by other researchers.-* Furthermore, 
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there appears to be no detailed analyses in the literature of film growth or silicide phase 

formation for films deposited in this manner. 

1 also used codeposition of Ir and Si in fixed stoichiometries in an attempt to form 

pure, single-phase IrSij and IrsSij films. The nominal deposition rates for the codeposited 

films were as follows: 

Phase Ir Rate Si Rate 

IrSij 0.12 A/sec 0.50 A/sec 

Ir3Si4 0.19 A/sec 0.36 A/sec 

The rates given in the table account for the ~1.4 difference in bulk Si and Ir thickness for an 

equivalent number of atoms. The codeposited IrSi3 films were all formed on hot Si(lOO) and 

Si(l 11) substrates ranging in temperature fi-om 325 °C to 950 °C. The codeposited Ir3Si4 

films were grown both at room temperature and on hot substrates. By aimealing the room 

temperature codeposited films, the formation temperature for the Ir3Si4 crystal structure was 

reached in order to facilitate growth of the phase. The annealing and deposition temperatures 

for these films were kept under 600 °C in an attempt to avoid the problems of interdiffiision 

of Si from the substrate into the film structures and the formation of other phases. A 

description of the growth properties and phases formed in these film types is provided in 

chapter 4. 
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Small 1.60 mm diameter diodes, used for electrical and optical characterization of 

these films were formed with a pure molybdenum shadow mask in contact with the silicon 

wafers. A thick (~ 500 A) Al, Au or Ag layer, deposited at room temperatiu-e to avoid 

interdiffusion with the iridium silicide, made contact to the diodes. I verified the growth and 

structure of these devices using fihn sections from a large open area in the shadow mask. 

The results from measurements on these device structures are presented in Chapter 5. 

2.4 Silicide film structure 

In general, there are three basic types of growth which can occur for silicide films 

formed on silicon substrates: amorphous, polycrystalline, and epitaxial or "ordered on" 

growth. Below, I briefly discuss crystallite growth and how these film types differ from one 

another. 

Crystallite growth is defined as the ordered arrangement of the constituent atoms of 

a bulk material or film, in three dimensional repetitive volumes, known as unit cells. One 

convenient way of describing these unit cells is the use of the Bravais lattice structures. Each 

of these fourteen unique lattice structures is characterized by three translational vectors of 

given length (the lattice constants) and three angles between these vectors which describe the 

repetitive positions of atoms found in the material. Descriptions of these crystal structures 

are found in most solid state physics texts such as Ashcroft and Mermin^^ or KitteP^. It is 

important to realize that the Bravais crystal structures are a simplified description of the unit 

cell and do not necessarily provide a complete picture of the internal positions of all the 
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respective atoms making up the material. However, the differences in lattice constants and 

Bravais crystal structures between iridium silicide phases does allow identification of these 

materials using the characterization techniques discussed in Chapter 3. 

Amorphous growth refers to films which consist of somewhat randomly placed atoms 

exhibiting no long range ordering in their atomic positions. In other words, no translational 

symmetry is found for the atoms which correspond to a Bravais lattice structure. This type 

of growth results when elemental materials are deposited under conditions where the atoms 

have insufficient energy to mobilize into their preferred crystal lattice structures. In 

codeposited iridium silicide films, amorphous film growth occurs when the activation energy 

for interdifflision of the Ir and Si atoms and the required temperature to form the Ir^Siy 

stoichiometry deposited is not provided, as in the case of room temperature depositions. 

In contrast to amorphous films, polycrystalline growth occurs when bonding between 

adjacent atoms in the film forms groups of atoms exhibiting long range ordering of their 

atomic positions. These groups of atoms form crystallites or grains, which show symmetry 

in their atomic structure consistent with one of the Bravais lattice crystal types. However, 

discontinuities, known as grain boundaries, are found between each crystallite in these films 

. These abrupt changes in ordered growth between adjacent crystallites develop due to relief 

of structural stress in the film during formation, or at the meeting point of two similar or 

dissimilar crystallite structures which began nucleation at different physical locations in the 

film. Therefore, these polycrystalline films form localized packets of atoms exhibiting 

ordered arrangements of their constituents. However, the individual grains grow in random 



orientations over the fihn's volume. 

The definition of epitaxial, or "ordered on" growth refers to films which grow in a 

preferred registry with an oriented substrate at their interface. This type of growth generally 

occurs in materials having similar Bravais crystal structures and nearly identical lattice 

constants, where differences are generally accommodated by relaxation of the structure at 

the interface. Materials with dissimilar crystal structures also display epitaxial growth when 

an orientation of the film finds registry with the underlying substrate surface. Due to the 

mismatch between the overlaying film and the substrate, many of these epitaxial films 

exhibit defects or dislocations between the similarly oriented grains where relaxation occurs. 

However, the crystallites of these films are not randomly oriented as in the polycrystalline 

case and are generally labeled as displaying single crystal epitaxial growth when only one 

preferred orientation of the film is found in the sample. 

I found many of the iridium silicide films formed in this study showed evidence of 

both polycrystalline and epitaxial growth. In these multiple growth mode films, some 

crystallites are highly oriented with the substrate in addition to other grains which are 

randomly oriented. Technically, this is considered to be polycrystalline film formation. 

However, since there is epitaxial growth for some of the crystallites in these films, I label 

these structures as displaying localized epitaxial growth instead of being polycrystalline 

films throughout the remainder of the dissertation. 
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CHAPTER3 
Characterization Techniques for Analyzing Iridium Silicide Films 

3.1 Reflection High Energy Electron Diffraction (RHEED) 

Reflection High Energy Electron Diffraction is an in situ analysis technique for 

characterizing the surface structure of substrates and subsequently deposited films. A 

monochromatic, high energy electron beam ( 1 0 Ke V for my measurements) strikes the 

sample's surface at near grazing incidence ( ~ 2-5 °) and then is diffracted onto a phosphor 

screen, as shown in figure 3 .1. The observed pattern results from constructive interference 

gun 

Origin 
of k-space 

Figure 3.1 A schematic representation of the RHEED system. 

Ewald 

-

screen 

of the electron beam with the crystalline structure of the sample's surface. This technique 

probes the structure of only the top~ 5 A of the sample in contrast to the bulk structure due 

to a combination of the shallow escape depth for 10 KeV electrons (~50 A) and the grazing 
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incidence of the electron beam on the surface. I used RHEED to verify oxide removal from 

my starting substrate surfaces, where well defined streaks in the pattern indicate a clean 

silicon surface. Rheed patterns observed on subsequently deposited silicide films also 

provided information on ordered growth in my films. 

By assuming elastic scattering of electrons from the sample along with satisfaction 

of the conditions for constructive interference, we can model the diffraction process in the 

RHEED geometry. In this analysis, the reciprocal lattice (k-space representation of real 

lattice) is used. In general, the reciprocal lattice of a crystal structure consists of a three 

dimensional, periodic array of points. However, due to the shallow penetration depth of the 

electrons in RHEED, the reciprocal lattice is modeled as a two dimensional array of rods 

extending both into and out of the surface of the sample."*" The condition for diffraction 

maxima states that the difference in the incident wavevector k and the scattered wavevector 

k' from a crystal must be equal to a reciprocal lattice vector, 

{k-k ' )  =  3.1 

Elastic scattering dictates that both k and k' have a magnitude of 27t/A,. Therefore, 

(k-k') must lie on the surface of a sphere in k-space with a radius of 27t/A,. This is called the 

Ewald sphere. By placing this sphere onto the reciprocal lattice of the surface, diffraction 

occurs where the Ewald sphere intersects the lattice rods as shown in figure 3.2.^' It is 

apparent from the figure that the intersection of the sphere with a given lateral zone of rods 

will form an arc of diffracted beams. The diffracted beams, kj' = k + &*, translate from the 
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Figure 3.2 The formation of spots on the RHEED screen from electron scattering off a 
lateral zone of reciprocal lattice rods. 
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surface over some distance, L, to the phosphor screen. The corresponding in-plane lateral 

spacing of the reciprocal lattice rod is found using similar triangles to be: 

g * = 
2nR 
'AL 

3.2 

where R is the measured lateral displacement of the spot or streak from the directly scattered 
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beam on the phosphor screen. Using the relationship between the d-spacing of the 

crystallographic planes and the corresponding normal reciprocal lattice vector, g*, to those 

planes, where jg* 1 = iTzfd, combined with equation 2 gives: 

R 

Where the d-spacing of the crystal structure is the quantity of interest. It would appear that 

quantitative analysis of RHEED patterns requires precise knowledge of the geometry and 

beam energy of the system. However, in practice, the effective A.L product for an unknown 

system can be found from patterns of known structures, such as a Si substrate. 

Simple observations of the RHEED patterns formed on the phosphor screen also 

provide qualitative information about the sample under analysis. Theoretically, for a 

perfectly ordered surface, diffraction spots are expected to appear in the RHEED pattern on 

concentric arcs as shown above. However, even for high quality surfaces such as polished 

Si substrates, one usually observes diffraction streaks instead of spots in the RHEED pattern. 

This is attributed to surface disorder (i.e. steps and dislocations) and non ideal aspects of the 

illuminating electron beam (i.e. beam divergence and energy spread). If continuous arcs that 

do not change with in-plane rotation of the sample are found in the pattern, this is an 

indication that the surface is polycrystalline. This can be understood as a summation of 

randomly rotated reciprocal lattice structures contributing to the observed pattern. Finally, 

when no pattern is observed on the screen, the surface is probably amorphous or may display 
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large amounts of surface roughness that may interfere with the formation of the pattern. 

Rough or islanded samples may also form spots randomly located in the pattern where 

transmission electron diffi^ction is taking place. An excellent review of RHEED 

ftmdamentals can be foimd in Mahan et al."" 

3.2 Low Energy Electron Diffraction (LEED) 

Low Energy Electron Diffiraction is another in situ surface analysis technique 

performed at much lower electron energies than that of RHEED. A schematic representation 

of a reverse-view LEED system is shown in figure 3.3, which also shows the differences in 

geometry between the two techniques. In LEED, an electron beam 

(~ 20 to 1000 eV) is incident orthogonal to the sample, and the diffracted beam is redirected 

away from the surface to a phosphor screen located above. Electrons in this energy range 

have a mean free path of less than 10 A in most materials, therefore, this technique again 

only probes the uppermost layers of the material."*- I used LEED to identify possible 

epitaxial growth of the silicide films. 

The elastic scattering theory of the two dimensional reciprocal lattice consisting of 

rods extending about the surface of the sample, as discussed above for RHEED, applies to 

the case of LEED as well. However, since the electron beam is directed into the surface of 

the sample, the Ewald sphere cuts the entire reciprocal lattice instead of just in preferred 

directions along the surface as in the RHEED geometry. Therefore, the resulting diffraction 

pattern is a direct map of the reciprocal lattice of the surface. Analysis of the spot patterns 
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formed by films displaying epitaxial growth provides information about the in-plane registry 

of the material with the substrate surface. A comprehensive description of LEED analysis, 

including temperature and multiple scattering effects on patterns, is found in Van Hove et 
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Figure 3.3 The formation of a LEED pattern using the Ewald 
Sphere construction. 

3.3 Auger Electron Spectroscopy (AES) 

• / 

/ 

Auger Electron Spectroscopy is a surface sensitive, analytical technique that provides 

information about the chemical constituency of a sample's surface. It can be used to estimate 
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the approximate concentrations of different elements on the surface as well as reveal shifts 

in the electronic structure of elements due to bonding with other materials. I used AES to 

analyze the surface contamination of silicon substrates cleaned in an HF solution as 

described in chapter 2. 

The Auger process initiates from bombardment of a sample surface with high energy 

electrons (2-5 KeV). These high energy particles form vacancies in the inner shells of the 

impacted atoms by ionization of core electrons. The resultant hole vacancy is filled by an 

electron from an outer shell, and the remaining energy results in the emission of a secondary 

electron from the atom. Energies of these electrons are generally between 50 to 2000 eV. 

The approximate 5-10 A mean free path for electrons in this energy range limits this 

technique to probing only the topmost layers of the sample. Since the electron binding 

energies for each element are unique, the energies of the secondary electrons emitted from 

the sample are also unique. Therefore, the peaks in the measured energy spectra determine 

which elements are present on the sample's surface. 

For the Perkin-Elmer system, the emitted electrons are collected by a double-pass 

Cylindrical Mirror Analyzer (CMA) where the sample is located at one focus of the system. 

The electron multiplier located at the other focus measures the intensity of electrons at a 

particular energy, where the CMA sweeps internal voltages to scan the energy range of 

interest. The data is collected by an AT compatible computer that allows multiple scans and 

temporal averaging of the data to increase the signal to noise ratio in the measurement. A 

typical Auger spectrum from a cleaned Si substrate shown in figure 3.4 clearly displays the 
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characteristic peaks of the material. The small peaks corresponding to oxygen and carbon 

contamination are also identified. 

Quantitative analysis of Auger data uses the spectrum's derivative to obtain the 

relative abundance of constituent elements on the sample surface. Using the spectrums's 

derivative effectively cancels the slowly increasing background of the direct spectrum as 

shown in figure 3.4. The peak to peak variation of the derivative signal establishes the 

relative intensity, Ij, of the constituent element. This value is normalized by a sensitivity 

factor for the element and beam energy, S;. Sensitivity factors for various elements and 

exciting energies are tabulated in the Handbook of Auger Electron Spectroscopy."'^ The 

/ 
t 

S 
r. _ ' . 

atomic fraction of the constituent elements is found using equation 3.4 where the value of 

Fj is the atomic fraction of material i on the surface. However, the accuracy of this 

technique is limited since this analysis assiunes uniform distribution of the elements on the 

surface and does not account for peak shape changes due to the atom's chemical 

environment.'" In addition, the incident high energy electron beam may remove adatoms that 

are weakly bonded on the sample's surface. Furthermore, elements present in concentrations 

of less than ~ 0.1 atomic percent may not show up in the spectra. 
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CWgen 

Energy (ev) 
Figure 3.4 Auger spectrum from a Si wafer cleaned using a 3% hydroflouric 
acid and deionized water solution. 

3.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a technique that provides similar information as 

that of AES, except the exciting beam consists of high energy x-ray photons. It is a surface 

sensitive technique providing information about the elements present at the surface and the 

chemical bonding in a sample under analysis. I used this technique to compliment AES data 

in my study of the contaminants on cleaned Si substrate surfaces. 

In XPS, a monochromatic, high energy x-ray beam illuminating the sample's surface 
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knock electrons out of their atomic shells. The emitted photoelectrons have a characteristic 

energy which is the difference between their binding energy in the atomic shell and the 

energy of the incident x-ray photon. The energies of these electrons depend on the element 

from which they originated, similar to AES, allowing identification by their measured 

energy. The surface sensitivity ofXPS originates from the shallow escape depth of~ 10 A 

for the energies of the photoelectrons generated in this technique. The resultant signal for 

XPS analysis is, in general, lower than in AES. However, the multiple scans and temporal 

averaging provided by the computer controlled interface in our system allowed for higher 

sensitivity in the measurements. 
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Figure 3.5 XPS spectrum from an hydroflouric acid cleaned substrate 
showing residual flourine remaining on the surface. 
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Quantitative analysis of XPS data is performed in a similar fashion to that of AES 

using equation 3.4. However, the measured signal value, Ij, for XPS analysis is the area of 

the peak foimd in the spectrum with an appropriate subtraction of the local background 

signal. The appropriate sensitivity factors, Sj, for the x-ray source used are apphed to obtain 

the relative occupancy of elements at the surface of the sample. The sensitivity factors are 

found in the Handbook of X-ray Photoelectron Spectroscopy .•*' 

An example of how XPS data can compliment the information provided by AES is 

shown in Figure 3.5. Here, fluorine atoms are detected on the surface of a cleaned Si wafer 

(HF clean described in chapter 2) as evidenced by a characteristic peak in the spectrum at 

~685 eV. No indication of flourine was found in the AES spectra (figure 3.4) possibly due 

to removal by the 3-5 KeV exciting electrons used. The x-rays used in XPS are less prone 

to altering the surface chemistry of the sample under analysis which is an important 

consideration in some surface studies. 

3.5) X-ray diffraction 

In the following four sections, I discuss the x-ray diffraction techniques used to 

analyze the film growth and crystal structure of iridium silicide films. In contrast to the 

above in situ surface sensitive techniques, these ex situ x-ray diffraction techniques probe the 

entire film. For each of the x-ray techniques described below, a power base operating at 30 

to 40 KV with an emission current of 20 to 35 mA powered a Cu fine focus x-ray tube to 
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produce the x-ray beam. 

Peaks in x-ray diffraction spectra occur due to the constructive interference of 

scattered wavelets from periodic planes of atoms in the film structure. The condition for 

maxima in the scattered intensity is given by the Bragg condition: 

where dyj is the crystallographic lattice spacing. A, is the x-ray wavelength, and 0b is the 

incident angle of the beam measured from the planes being sampled. This relation is 

equivalent to the diffraction condition of equation 3.1 assuming elastic scattering.^ The 

peaks found in the spectra are used to identify materials by their known crystal structures and 

lattice spacings. In addition, the widths of the peaks found in the spectra are related to the 

average crystallite dimensions in the film through the Scherrer equation: 

A. 
Avg. Cryst. Size = 0.9 3.6 

Cos(dg) 

where A20 is die fiill width at half maximum in radians. The diffracted intensity measured 

from a sample is heavily dependent upon the types of atoms in the film, die crystal structure 

of the material, and the geometry and type of diffractometer used. Due to the complexity of 

this subject, the reader is referred to x-ray diffraction texts such as Warren''^ or Cullity^^ for 

fiirther reading. 
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Figure 3.6 The Bragg-Brentano diffraction geometry. 

3.51 Bragg-Brentano technique 

The Bragg-Brentano geometry for x-ray diffraction is schematically shown in figure 

3.6. In this geometry, the sample rotates at a constant angular velocity with respect to the 

incident monochromatic x-ray beam while the detector simultaneously rotates at twice the 

rate. It is clearly seen from figure 3.6 that this geometry maintains the Bragg diffraction 

condition only for planes nearly parallel to the substrate's surface. Due to the small 

divergence in the source beam and finite slit size at the detector, planes tilted at very shallow 
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angles are also sampled, as shown in the figure. 

Since epitaxial or ordered film growth generally establishes planes of atoms parallel 

to the substrate's surface, this geometry can be highly useftil for examining the oriented 

content of the film structure under analysis. However, the spectra contains no information 

about the in-plane registry of the crystallites with the substrate surface. RHEED. LEED or 

transmission electron diffraction must be used to establish epitaxial growdi of the film with 

the substrate. I used this diffiactometer primarily to identify possible epitaxial growth 

modes for iridium silicide films with respect to the substrate's surface. In addition, 

information fi-om relatively thick polycrystalline films (~ 500 A) to verify silicide phase 

formation was obtained using this technique. 

3.52 Seemann-Bohlin technique 

The Seemann-Bohlin geometry is a grazing incidence angle x-ray diffraction 

technique sensitive to randomly oriented growth in thin film structures. Since many of the 

iridium silicide films formed in this study did not exhibit high ordering with the substrate's 

surface, the Bragg-Brentano dififractometer was not ideal for examining these samples. The 

Seemann-Bohlin technique proved a better choice by providing the necessar>' geometr>' and 

sensitivity to analyze these polycrystalline thin film structures as discussed below. I used 

the data gathered by this technique to aid identification of the iridium silicide phases formed 

in my films. 
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Figure 3.7 The diffraction geometry of the Seemann-Bohlin diffractometer. 

68 

In the Seemann-Bohlin geometry, shown in figure 3.7, the focal point of the 

monochromator and the tangent of the sample's surface are located on the diffractometer 

circle. The sample is maintained at a fixed angle y with respect to the incoming x-ray bemn. 

A detector, moving at a constant angular velocity, scans the diffractometer circle and records 
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the intensity as a function of angle Oq with respect to the incident beam. Ideally, the sample 

should be curved to fit the dif&actometer circle. However, this is not practical in most cases 

since the samples are brittle and will break under stress. This leads to errors in the measured 

spectra which vary with the sampled angle. I used powder calibration standards supplied by 

the National Institute of Standards and Technology to account for the flat sample error as 

well as inconsistencies from the alignment of the diffractometer. 

As in any diffraction system, the Bragg condition must be satisfied in order for 

maxima in the diffracted intensity to occur. However, in contrast to the Bragg-Brentano 

geometry, this condition is not satisfied for planes oriented parallel to the substrate surface. 

As shown in the figure, the diffi^ction criterion is met only by planes tilted at an angle (J) 

with respect to the substrate surface. In addition, the tilt angle of the sampled 

crystallographic planes has a functional dependence on the corresponding bragg angle QQ 

given by: 

-spacing "^sample ^ 

Therefore, an epitaxial film will show no peaks in a Seemann-Bohlin spectrum unless by 

some chance the condition of equation 3.7 is met by the crystal structure. It is obvious that 

in most cases, diffraction peaks occur in this geometry only when the sample contains 

randomly oriented grains where some of these crystallites satisfy the diffraction condition. 

In polycrystalline films, the probability of finding crystallites with planes oriented at the 

required tilt angle is lowered due to their random distribution in the film. However, the 
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grazing incidence angle of the Seemann-Bohlin geometry effectively increases the sampled 

film thickness by a l/Sin(Y) factor. This increased pathlength provides the additional 

diffraction intensity needed to analyze the thin iridium silicide films formed in this study. 

3.53 Rocking curve analysis 

A large peak foimd in the Bragg-Brentano spectrum of a sample suggests oriented 

growth in the film. Rocking curve analysis is a technique in .x-ray diffraction which finds 

to what degree oriented crystallites in a sample are tilted with respect to the substrate surface. 

Unlike an ideal single crystal film which possesses a perfect orientation of the 

crystallographic structure with the substrate surface, most crystalline films exhibit disorder 

of the oriented grains, or a "mosaic" texture, as shown in figure 3.8. Crystallites oriented 

at some tilt angle, e, with respect to the substrate normal will show a maximum diffracted 

intensity only when the incident x-ray beam is proportionally misaligned at this same tilt 

angle. The rocking curve analysis uses this condition to examine the angular misalignment 

of the oriented crystallites in the film. 
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Figure 3.8 The "mosaic" texture of highly-oriented crystalline films. 



The rocking curve spectrum is obtained by placing the sample in the correct 0-20 

arrangement for the peak observed in the Bragg-Brentano spectrum. The sample is tilted 

about theta while the detector maintains its original 20 location. The diffracted intensity 

measured for a given angular rotation of the sample is proportional to the number of these 

oriented grains tilted at that angle. A complete spectrum is obtained for both positive and 

negative tilt angles. The smaller the flill width at half maximum of the peak in A0, the 

higher the degree of orientation with the substrate. 

3.54 Low-angle technique 

For the x-ray diffraction techniques summarized above, peaks in the diffraction 

spectra resulted from constructive scattering of x-ray photons by atomic planes of the 

material's crystal structure. In contrast, the technique of parallel beam low-angle x-ray 

diffraction examines the film structure due to scattering of x-rays by the interfaces of the 

film. I used the spectra obtained by this technique to extract information about the film 

thickness and roughness at the film/substrate and film/air interfaces of my samples. 

The design of the low-angle diffractometer is similar to the Bragg-Brentano geometr>' 

described above. However, the flat graphite crystal monochromator used to produce the 

monochromatic Cu Ka x-rays in this system produces a beam with very low angular 

divergence. This limits defocussing of the diffracted beam off the sample surface, allowing 

for higher collection efficiency at the detector and increased sensitivity to the structure of the 

film. In addition, the use of stepping motors for angular movement of the sample and 
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detector allowed temporal averaging by pulse counting electronics to improve the detected 

signal to noise ratio. 
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Figure 3.9 The modelled reflectivity of a single-layer Ir film with perfect 
interfaces versus that with a 15 A surface roughness. 

Theoretical low-angle spectra for a single layer film on a silicon substrate are shown 

in figure 3.9. High reflectivity at low angles (~ 0.25 °) results from total external reflection 

of the x-ray beam by the film's surface. The falloff of the reflectivity observed from total 

external reflection is related to the density and elemental content of the film. Peaks in the 

spectra are spaced proportionally to the thickness of the film T through the modified Bragg 

equation: 
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where 6 is the deviation of the refractive index of the film from unity. By plotting 1/Sin(0) 

vs. 2/mA, the slope of the resulting data gives the film thickness T. In the lower curve of 

figure 3.9, the effects of added surface roughness to the film is visually apparent. The 

roughness of the film causes increased scattering of x-rays at the interfaces which decreases 

the diffracted signal to the detector. In addition, the lower coherence of the interface spacing 

results in reduced modulation of the Bragg peaks in the spectra. 

To analyze the spectra obtained by low angle x-ray diffraction, I used a Fresnel type 

modeling program developed by colleages in my laboratory similar to that described by 

Vidal and Vincent.''* The optical constants for the materials were established using scattering 

factors found in Cromer and Liberman."*^ Fitting the measured data by varying parameters 

of this model provides fairly accurate determinations of the thickness and interface qualities 

of the film. 

3.6 Transmission Electron Microscopy (TEM) and Transmission Electron 

Diffraction (TED) 

A tr£insmission electron microscope allows detailed analysis of both the 

film/substrate interface and the surface morphology of deposited films. A Jeol 2000-FX 

microscope was used to study the silicide films discussed in this work. The system of 

electrostatic and/or magnetic field lenses provide magnifications as high as 1,000,000 with 



a resolution of ~5 A to examine the structural properties of the films. The 200 KeV electrons 

generated by the microscope effectively penetrate materials only a few hundred angstoms 

thick. This transmitted intensity is proportional to the local mass/density product and 

structure of the films that show up as contrast differences in the final image. In addition, the 

system can be used in a diffraction mode to identify the crystal structure of the film under 

analysis. In this mode of operation, the diffraction pattern fomied at the back focal plane of 

the objective aperture is imaged onto the phosphor screen. Both the image micrographs and 

diffraction patterns can be permanently recorded using film plates located beneath the screen. 

However, two types of electron transparent samples must be prepared fi-om the film 

specimens in order to achieve these tasks. 

Cross-sectional "sandwiches" of the films were formed by the technique described 

by Bravman and Sinclair.^® These specimens form samples where the silicide/silicon 

interface is normal to the beam direction during imaging in the microscope. The samples 

were thinned using an Ar"^ ion milling system operating at ~ 5KV with a beam current of ~ 

100 |aA. Keeping the sputtering source at a low angle of incidence (~ 10 °) and continuous 

rotation of the sample provides more uniform thinning of the imaging region. However, due 

to the fragile nature of the specimens and the many steps involved in preparation, artifacts 

fi-om this process may alter the actual structure of the interface. In addition, there is a 125 

°C oven annealing step in forming these specimens which may cause problems due to 

oxidation or further reaction of the film/substrate structure for some systems. 

For analyzing the surface morphology of the silicide films, planar specimens were 



trepanned from the samples and then thinned by placing a small dimple in the backside 

(substrate). Further ion milling on the substrate side of the specimen provided regions thin 

enough to image the film structure. Imaging and diffraction is performed with the beam 

direction normal to the substrate surface in these samples. The images obtained from these 

specimens provide information about fihn islanding, crystallite size and other artifacts such 

as precipitates or pinholes on the surface. 

Transmission electron diffraction patterns result from the constructive interference 

of scattered electrons from the atomic planes of the film structure. The Ewald sphere 

construction used to analyze the formation of RHEED patterns discussed above can be 

applied to understanding the formation of transmission electron diffraction patterns as well. 

However, the high energy electrons (-200 KeV) used in this technique penetrate the entire 

film structure instead of just the surface. To describe this process, I assume that the sample 

consists of a thin, single crystal epitaxial film. In this case, the reciprocal lattice consists of 

a periodic, two dimensional array of elongated rods due to the relatively thin dimension of 

the sample along the beam direction as shown in figure 3.10. The reciprocal lattice rods 

intersected by the Ewald sphere result in diffraction spots in the electron diffraction pattern 

formed at some plane below the sample. In the electron microscope, the pattern formed at 

this plane is magnified and reimaged onto the flourescent screen or film plate. The 

interplanar spacing, dh^, from the crystal is related to the position of the spot in the 
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Figure 3.10 The fqrmation of an electron diffraction pattern in the transmission 
electron microscope. 

diffraction pattern through the following equation: 

'AL 
dhkl ~ 

R 
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where A. is the electron wavelength, L is a camera length dependent on the lens settings of 

the microscope, and R is the measured spacing of the spot from the center of the pattern. For 
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a polycrystalline sample, the image formed is a sum of patterns from randomly rotated 

reciprocal lattices of the crystallites intercepted by the incident beam. In this case, the 

resultant pattern consists of concentric diffraction rings around the center of the pattern. For 

a more in-depth analysis of factors affecting the formation and intensity of spots in electron 

diffraction patterns, the reader is referred to the discussion found in Edington.^' 

Transmission electron diffraction is useful for analyzing the growth and structure of 

iridium silicide films. When diffraction images display concentric rings in their pattems, the 

sample is known to be polycrystalline in structure. Furthermore, comparisons between the 

ring spacings and the known crystal structures of Ir^Siy phases can help identify which 

iridium silicides are present in the films. Samples which show spot diffraction pattems are 

known to be exhibiting oriented growth. By analyzing the d-spacings of the spots and their 

interplanar angles, it may be possible to uniquely find (or eliminate) an Ir^Siy phase 

responsible for the diffraction pattern. The formulas for interplanar spacings and angles are 

found in Andrews et al." Absolute identification of phases present in films from diffraction 

pattems may be difficult due to the large number of possibilities and similarities in d-

spacings between many of the silicide phases. In addition, small changes in lattice constants 

due to strain in the film structures can further hinder the process of phase identification. 

3.7 Rutherford Backscattering Spectroscopy (RBS) and ion beam channeling 

Rutherford Backscattering Spectroscopy (RBS) is an ion beam technique capable of 

analyzing the elemental composition of deposited films. In addition, ion beam channeling. 



a variation on standard RBS analysis, provides information about the crystalline quality of 

the film structures. RBS analysis is also a preferred method of determining deposition rates 

when an accurate account of the atomic concentration deposited is required instead of the 

geometric film thickness. 

The ion beam measurements used for this work originated firom the generation of 

high energy a particles (He^ ions) using a Van de Graff accelerator in the Physics 

department at the University of Arizona. A collimated beam is directed at the sample under 

analysis and the intensity and energies of the scattered ions fi-om the sample are measured 

by an off-axis detector. The energy of a scattered ion is directly proportional to the atomic 

mass of the element from which it was scattered and is described by the Rutherford scattering 

law. In addition, the number of ions measured at that energy is related to the areal density 

of the material present in the film. This process is described by the following equation: 

^ 3.10 
4£^sin^(0/2) 

which is the probability of detecting a scattered particle of mass, Z,, with charge, e, from a 

target ion of mass Z,. The solid angle of the detector, Q, and the angle between the detector 

and incident beam direction, 0, are dependent upon the geometry of the measurement 

apparatus. A derivation of the scattered energies and values of 60/6Q for each of the 

elements is found in Chu et al." Those ions not scattered at the surface of the film, will lose 

small amounts of energy due to scattering losses through interactions with electrons in the 
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film structure. This variation in the scattering energy of the alpha particle E^, as a function 

of penetration depth, correlates directly to lowering of the scattered ion energy measured at 

the detector. Therefore, a broadening of the peak occurs in the intensity vs. energy spectra. 

The total area of this peak is related to the number of the consitituent atoms found in the 

film. In addition, for multielement films, one can find the composition or stoichiometry as 

a function of depth by comparing the intensity vs energy of the elemental peaks in the 

spectra. For the iridium silicide fihns formed in this study, the silicon signals from the 

substrate and silicide overlap in the spectra, making it more difficult to ascertain the silicon 

content of the silicide films. In the analysis of amorphous and polycrystalline films, one 

does not need to worry about the orientation of the sample and beam to achieve accurate 

results. However, if a sample is epitaxial or displays ordered growth, preferential channeling 

of the ions through the structure may lead to erroneous results in the determination of 

material content and stoichiometry. In this case, the beam is intentionally misaligned and 

the sample rotated to. obtain accurate results. 

Ion beam charmeling takes advantage of preferential channeling of ions in epitaxial 

structures. For this analysis, the sample is intentionally aligned along a preferred crystal 

direction with the incident ion beam. Comparison of the intensity measured from the film 

under these conditions with a random spectrum obtained by misalignment and rotation of the 

sample provides a figure of merit, X„j„, given by the following relation: 

_ ^channeled , , 
Xm.n - — 

random 
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Therefore, a single crystal film will ideally measure a X„i„ approaching zero. In films 

displaying localized epitaxial growth, the value measured is also proportional to the relative 

abundance of epitaxial crystallites found in the sample. 

3.8 Atomic Force Microscopy (AFM) 

The Atomic Force Microscope (AFM) has many similarities to the Scanning 

Tunneling Microscope (STM) developed by Binnig and Rohrer of IBM. However, instead 

of sensing a tunneling current between a conductive tip and surface, the AFM relies on 

interatomic forces between materials to measure the surface topography of the sample. A 

complete and detailed description of atomic force microscopy is found in Sarid and 

Quate.^" 

The sample topography is measured using a micromachined cantilever assembly, 

which has a very rigid structure, a fine probe tip on one side, and a gold reflective layer 

coating on it's backside. A Wyko 3-D AFM was used for my measurements. It maintains 

a constant force between the probe tip and sample using the reflection of a diode laser output 

from the backside of the cantilever onto a dual element detector. The system uses a 

piezoelectric transducer to convert applied voltage values into physical translation of the 

sample. In addition, the suspension of the AFM on long elastic cords (i.e. bungee cords) in 

an enclosed chamber minimized the effects of vibrations from the outside environment. To 

calibrate the horizontal and vertical motion of the system, I imaged a photolithographically 
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produced grid consisting of 1 ̂ im x 1 |im squares of 1200 A and 3200 A height Scans on the 

silicide films were typically conducted over 3 ^im x 3 nm square areas to provide 

information about the surface roughness and morphology of the samples. There is some 

ambiguity about the correlation between the measured image and the actual surface 

morphology of the sample for small film features as discussed by Westra et al." However, 

the measurements revealed differences in surface structure between the films and provided 

relative values of the surface roughness for the films. 



CHAPTER 4 
Iridium Siiicide Film Formation: Results and Discussion 
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4.1 Codeposited IrSij films 

In my studies of Ir thin films reacted with silicon substrates, discussed later in section 

4.3,1 observe no evidence of IrSis formation for annealing temperatures up to 950 °C. This 

is consistent with results obtained by other researchers who reported IrSij crystallite grov\-th 

only at temperatures above 960 °C for annealed Ir films.^' However, Lin et al. reported that 

codeposition of Ir and Si in a 1:3 atomic ratio forms IrSij films at temperatures as low as 630 

°C." The lowering of the formation temperature for this siiicide phase allowed it to be 

compatible with FPA processing technology, and therefore it is worth investigating as an 

infrared detector material. Furthermore, high barrier heights have been measured on n-t>'pe 

Si, which suggests that barrier heights on p-type Si should be very low. Therefore. I studied 

the growth and structure of codeposited IrSis films on p-type Si substrates for possible 

application as infrared detectors.^'®® ®' 

The Ir and Si deposition rates for my codeposited films were nominally 0.12 A/sec 

and 0.5 A/sec, respectively, to provide a 1:3 atomic percent concentration in the films. 

Initially, I formed a series of samples with a nominal IrSij film thickness of -450 A on 

Si(lOO) and Si(l 11) at temperatures between 325 °C and 950 °C. These relatively thick 

fihns allow for good x-ray characterization of the IrSij film growth and make it possible to 

detect the presence of other iridium siiicide phases. Thinner IrSij films were also formed 
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since they are preferred for detector applications due to the enhancement of the 

photoemission discussed in Chapter 1. In the following sections, I report on the results of 

my work in codeposited fibns. 

4.11 Polycrystalline IrSi} films 

IrSi3 films codeposited at temperatures at or below -400 °C showed no evidence of 

any significant amount of silicide formation. This is clearly indicated by the relatively 

smooth x-ray diffraction spectra observed for IrSis codeposited at these temperatures as 

shown in Figtire 4.1. In addition, no peaks associated with pure Ir or Si crystallite growth 

were observed, indicating an amorphous mix of the Ir and Si atoms in these films. At a 

slightly higher deposition temperature of 450 °C, well defined IrSi3 peaks appear in the 

Seemann-Bohlin x-ray diffraction spectrum. I find a good correlation between the observed 

peaks and those planes of IrSij having the highest structure factors (Appendix A). Figure 4.1 

also shows the spectrum from a 450 A thick film grown at 450 °C. This spectrum clearly 

indicates well defined IrSij crystallite growth. In addition, the Bragg-Brentano x-ray 

diffraction spectra also revealed relatively small peaks consistent with IrSij growth. A 

summary of the peaks observed is presented in Table 4.1. No clear indications of other 

silicide phases were observed within the detection limits of x-ray diffraction, suggesting 

nearly pure IrSij phase growth in these films. To my knowledge, the formation temperature 

of450 °C found in my work is the lowest reported temperature for growth of the IrSis phase. 
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Figure 4.1 (Top) Seemann-Bohlin x-ray diffraction of a IrSij film codeposited at 450 °C 

showing only diffraction peaks from IrSij crystallite growth. (Bottom) IrSij film 
codeposited at 325 °C displaying no evidence of silicide formation. 

IrSij films deposited between 450 °C and 550 °C are polycrystalline in structure on 

both the Si(lOO) and Si(l 11) substrates. 1 infer this by noting both the absence of streaks in 

RHEED patterns and the lack of any large peaks in the Bragg-Brentano x-ray diffraction 

spectra. Figure 4.2 shows the transmission electron diffraction pattern for a ~100 A IrSij 

deposition on Si(l 11) at 530 °C. The arcs and spots in concentric rings observed in the 

pattern are consistent with the lack of any epitaxial growth in the film. I observed similar 

electron diffraction patterns for depositions on Si(lOO) in this temperature range as well. In 
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Table 4.1, a tabulation of d-spacings derived from the pattern show good agreement with the 

bulk hexagonal crystal structure for IrSi3 described by White and Hockings, with a= 4.354 

A and c = 6.626 A.62 This consistency further shows the purity of polycrystalline IrSi3 

growth achieved in this temperature region. 

Figure 4.2 Transmission electron diffraction pattern of a IrSi3 film codeposited at 530 oc 
displaying rings and arcs consistent with polycrystalline IrSi3 crystallites. 
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Seemann-Bohlin 
X-ray Diffraction 

(a) 

Bragg-Brentano 
X-ray Diffraction 

Electron 
Diffraction 

IrSis bulk d-spacings 
and planar index 

(b) 

3.808 A 3.813 A 3.79 A 3.768 A (100) 

3.315 A 3.295 A 3.30 A 3.311 A (002) 

2.506 A — 2.48 A 2.489 A (102) 

2.201 A 2.201 A 2.20 A 2.175 A (110) 

1.903 A 1.906 A — 1.904 A 
1.884 A 

(103) 
(200) 

1.831 A 1.829 A 1.84 A 1.818 A 
1.812 A 

(112) 
(201) 

— — 1.67 A 1.655 A 
1.637 A 

(004) 
(202) 

— — 1.53 A 1.515 A (104) 

a) corrected by calibration scans 
b) IrSij hexagonal structure , a = 4.351 A and c = 6.622 A 

Table 4.1 A summary of d-spacings derived from Seemarm-Bohlin x-ray diffi^ction, Bragg-
Brentano x-ray diffraction, and transmission electron diffraction on polycrystalline IrSij 
films. Bulk IrSij planar spacings corresponding with the experimental values are provided 
for direct comparison. 



Low angle x-ray diffraction confirms the thickness of these polyciystalline IrSij films 

is close to that expected for bulk growth. Figure 4.3 shows the low angle spectrum for a 

codeposited IrSis fihn determined by RBS to have an equivalent 28 A (±2) bulk Ir content. 

Asstuning IrSij bulk density, the resultant fihn thickness should be -3.85x the equivalent 

bulk Ir content. The resultant thickness of 110 A (± 3 ) agrees very well with the expected 

bulk thickness of 108 A. Further comparisons of low angle spectra with RBS data on other 

polycrystalline IrSij films had higher deviations of approximately ±7% from the expected 

bulk density. The variations clearly may result from differences in the codeposited 

stoichiometry of Ir and Si in these films. However, these results show nearly bulk density 

IrSi3 growth, and suggest our codepositions on these films were close to the expected 1:3 

stoichiometry. The formation of IrSi3 crystallites at these low temperatures contrasts sharply 

with those described later in this chapter for pure Ir films deposited on silicon substrates. In 

those reactions, no evidence of IrSij crystallite growth is observed up to a temperature of 950 

°C. In addition, other phases not observed in the codeposited IrSi, films form at deposition 

temperatures of450 °C to 550 °C. However, it is clear from my results that nearly pure IrSij 

films form at temperatures as low as 450 °C with a 1:3 Ir and Si stoichiometry in the film. 

This indicates that in the case of annealed Ir films, the nucleation of IrSij at temperatures 

below 950 °C is restricted by the presence of other silicide phases. I believe these other 

silicide phases form a barrier at the silicide/silicon interface, inhibiting IrSis formation. 

When a high enough temperature is reached, they disassociate to allow further interdifflision 

and reaction of the Si and silicide film to form IrSij. This apparently does not occur until a 
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temperature above 950 °C. 
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Figure 4.3 Low-angle x-ray diffraction spectrum from a polycrystalline IrSij film. The fit 
to the data (accompanying curve) suggests a thickness of ~110 A for this deposition. 

4.12 Highly oriented growth of IrSis on Si(ll 1) and Si(lOO) 

IrSij films codeposited at higher temperatures (> -550 °C) show indications of highly 

oriented IrSis crystallite growth due to the larger peaks found in their Bragg-Brentano 

spectra. The x-ray spectra from these samples were dominated by peaks consistent witli IrSij 

crystallite formation. Figure 4.4 shows the Bragg-Brentano spectrum from a 100 A 

deposition with indexing of the IrSi3 peaks. Diffraction peaks consistent with the formation 

of other silicide phases were observed in the x-ray diffraction spectra of some of these films. 

Their growth may clearly result from variations in the deposited stoichiometry of Ir and Si 
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in these films. However, since their peak intensities were generally smaller in comparison 

to those of the IrSij phase suggests these films consist primarily of IrSis crystallite growth. 

Figure 4.4 Bragg-Brentano x-ray diffraction of- 100 A IrSis film codeposited at -700 °C 
showing multiple diffraction peaks associated with IrSij crystallite growth. 

The geometry of the Bragg-Brentano x-ray diffractometer only samples 

crystallographic planes in the film which are nearly parallel to the substrate surface. Thus, 

a peak observed in the Bragg-Brentano spectrum suggests a preferential growth of 

crystallites in the film and a possible epitaxial growth mode. The term "growth mode" refers 

to a preferred epitaxial registry of the crystallites with the Si substrate surface. However, an 

observed peak in the Bragg-Brentano spectrum only suggests epitaxial growth is present 

•irin 
T^ = 7a3<C 

I (lOo) j 

(20) Degrees 



since the x-ray technique provides no information about the in-plane registry of the 

crystallites with the Si surface. In other words, the peaks may occur due to oriented 

crystallites randomly rotated on the Si surface. Electron diffraction techniques are used to 

identify the epitaxial registry of crystallites. I discuss the identification of some of the IrSij 

growth modes identified by the peaks observed in the Bragg-Brentano data in section 4.13. 

Table 4.2 contains a tabulation of normalized integrated intensities for the IrSij 

diffraction peaks observed in the Bragg-Brentano x-ray spectra of 10 IrSij films with a 

nominal ~ 450 A codeposited thickness. To derive these values, I fit a guassian function to 

the diffraction peaks observed in the Bragg-Brentano spectrum, where the total integrated 

intensity is proportional to the peak value multiplied by the fiill-width at half-maximum. To 

provide an estimation of the relative proportion of crystallites in the fihns oriented to produce 

the different peaks, I have normalized the measured integrated intensities to account for the 

effects of the geometry of the Bragg-Brentano diffractometer, the scattering strength of the 

planes being sampled, and absorption of the x-rays by the film. Following the analysis of 

Warren, the total diffracted integrated intensity, Eh^i, from the (hkl) planes of a small single 

crystal is proportional to the following;"'^ 

2n<l 

, I _ e 1 + cos^20.„ , 1 
R oc i-F r-L—1—_)f 

111 2 Sin2e 

where I is the incident x-ray intensity, d is the length of the crystallite along the normal to 

the (hkl) planes, 0hk, is the Bragg angle for these planes, Fhki is the structure factor (Appendix 
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A), (l-e'^'"''^®y2|i is the absorption factor (~1300/cm according to White and Hockings), 

and (l+cos^20hki)/2sin20hki is the Lorentz-polarization factor for a single crystal in an 

unpolarized beam. However, the Bragg-Brentano diffractometer also contains a graphite 

monochromator at a fixed angle, 0„„ before the detector which has the effect of decreasing 

the measured intensity due to the component of the electric field in the plane of diffraction 

from the sample. The monochromator's presence is accounted for by modifying the second 

term of the Lorentz-polarization factor in equation 4.1 which is due to this component of the 

electric field, resulting in a modified system Lorentz-polarization factor of 

(l+cos-20|,k,cos-20^/2sin20hki. Therefore, the resulting integrated intensit}' from the 

crystallites in the film will now be proportional to; 

z\ia 

, 1 - e ^ <^05^20. ,cos^0_ 9 
hki " l-PhkiC ; )( —TT7 ) 

2ix 2 sm20^^, 

Thus, by normalizing the integrated intensities from the diffraction spectra using the 

appropriate values in equation 4.2, the resultant values provide an approximate measure of 

the relative abundance of highly-oriented crystallites responsible for the observed peaks in 

the Bragg-Brentano spectrum. The resulting normalized integrated intensities in Table 4.2 

suggest a higher percentage of epitaxial IrSij crystallite growth on Si(l 11) over Si(lOO) at 

most temperatures. 
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ANGLE (0) 11.77 13.46 13.58 18.03 20.69 23.85 25.1 
0 

Ion 
Beam 

Index (hkl) (100) (002) (101) (102) (HO) (103) (201) 
Total 

Xmin 

±0.03 

Substrate/Temp 

Xmin 

±0.03 

Si(ni) 680 "C — 123 10.4 10.3 18.7 2.30 165 0.66 

S i ( l l l )  7 3 0  " C  0.41 1 1 7  3 . 1 8  2.97 1.29 2.84 128 0.64 

S i ( l l l )  7 8 0  " C  1.09 85.2 2.55 4.18 0.22 5.59 99 0.84 

S i ( l l l )  8 3 0  ° C  — 1.6 208 0.59 4.43 2 1 4  0.65 

S i ( l l l )  9 4 0  " C  1.95 1.90 11 • 0.99 35.1 0.88 7.62 60 0.93 

Si(lOO) 630 "C 0.05 1.28 3.8 — — — — 5 0.92 

Si(lOO) 680 °C 0.54 2.54 2.45 2.04 — — — 7 0.92 

Si(IOO) 780 "C 0.69 60.3 57.9 2.06 — — — 1 2 1  0.93 

Si(lOO) 880 "C 0.69 2 1 . 4  2 1 . 0  2.04 — — — 45 0.99 

Si(lOO) 940 "C 0.98 0.57 1.34 — — — — 3 1 . 0 1  

• measured on IrSi3(202) peak due to interference of IrSij with Si(l 11) diffraction peak from 
substrate 

Table 4.2 Table of normalized integrated intensities of IrSis diffraction peaks from 10 
nominally 450 A IrSis films codeposited on Si(l 11) and Si(lOO). The values correspond to 
the relative amount of crystallites oriented with the corresponding IrSij plane parallel to the 
Si substrate surface. The total normalized integrated intensity and ion beam channeling 
yield, Xmin» for ^^ch film are given in the far right columns for comparison. 



I used ion beam channeling to further study the quality of oriented growth in these 

IrSij films. The Xmin values for Ir atoms along the Si[100] and Si[l 11] directions of the 

respective substrate types are given in table 4.2 for direct comparison with the total 

normalized integrated intensities observed in the Bragg-Brentano spectrum for the -450 A 

samples. The results show a lower amount of channeling (higher XmJ observed for IrSis 

films on Si( 100) as compared with those on Si(l 11). The observed higher channeling (lower 

Xmin) on the Si(ll 1) samples fiirther indicates larger amoimts of IrSi3 epitaxial growth occur 

for depositions on Si( 111). 

Epitaxial growth occurs for many materials where there is a close lattice match 

between the overlaying film structure and the substrate on which it is grown. In Table 4.3, 

a list of possible epitaxial orientations of the IrSij crj'stallites consistent with the peaks 

observed in the Bragg-Brentano spectra are presented in a notation similar to that used by 

Zur et al." In each case, the matching plane of the IrSij crystallite parallel to the Si substrate 

surface is given conesponding to a peak observed in the Bragg-Brentano spectra of these 

films. The epitaxial growth is then completely described by providing an in-plane direction 

of the IrSi3 crystallite parallel to an in-plane direction of the Si surface. The Uj's and v.'s are 

vectors, with an angle of tt; between them, which describe a parallelogram defined by atomic 

planes of the IrSis and Si substrate where a reasonable lattice match is found between the two 

structures. Since the mismatch between the two structures is rather small, these orientations 

are plausible epitaxial arrangements for the IrSij crystallites corresponding to the peaks 

observed in the Bragg-Brentano spectra. The epitaxial IrSi3 orientations labeled modes A. 
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B, C, and D have previously been identified for Ir films annealed above 1000 °C on Si(l 11) 

substrates.64 For the Si(l 00) orientation, only the mode J epitaxial orientation has previously 

been confirmed. The other possible epitaxial arrangements of IrSi3, found consistent with 

the peaks in the Bragg-Brentano data, have not yet been identified to my knowledge. 

Mode Matching Planes Epitaxial condition Silicide Silicon Mismatch in % u 
Ur Vr u. v. V Ct 

-
A lrSi3(2 I IO)IISi(l l l) IrSi3[ 6.62 7.54 6.65 7.68 - -

- -
B IrSi3(0001)11Si(l l I) IrSi3[ 1010]11Si[ 110] 7.54 7.54 7.68 7.68 -1.82 -1.82 0 

- - - -
C IrSii022 l)IISi(l l l) IrSi3(0114]11Si[l21] 13 .75 15 .23 13.30 15.36 3.38 -0.85 0 

- - -
D IrSii l O l 3)11Si(l l 1) IrSi3[1210]11Si[l 12] 6.53 26.19 6.65 26.88 -1.80 -2.57 0 

- - - -
E IrSiilO IO)IISi(l I l) IrSi3[1210]11Si[21 l] 13 .06 19.86 13.30 19.20 3.40 -1.80 0 

- - - -
E' IrSiilO l l)IISi(l 11) IrSi3[1210]11Si[l 10] 26.13 6.62 26.88 6.65 -2.90 -0.45 0 

- - - -
F IrSi3(1012)11Si(l 1 l) IrSi3[1210]11Si[21 l] 13 .06 30.11 13.30 30.72 -0.98 -0.98 0 

- - - -
G IrSiJ(IO l l)IISi(l 11) IrSi3[1210]11Si[21 l] 13.06 15.24 13 .30 15.36 -0.80 -0.98 0 

- -
H IrSi(OOOl)IISi(l 00) IrSi3[1010]11Si[l 10] 15.35 30.71 15.08 30.48 1.79 0.75 0 

I IrSi(l OOO)IISi(I 00) IrSi3[000 I ]IISi[O IO] 21.72 27.15 21.77 26.50 -0.23 2.40 0 

I* IrSi(lOOO)IISi(IOO) IrSi3[0001]11Si[OI I] 30.71 46.07 30.48 46.38 0.75 -0.67 0 
- - -

J IrS i(Ol I l)IISi(IOO) IrSi3[0112] II Si[ 11 O] 7.61 15.23 7.68 15.36 -0.91 0.85 0 

Table 4.3 The listing describes a possible epitaxial registry of the IrSi3 crystallites with the 
Si(l 11) or Si(lOO) surface corresponding to peaks observed in the Bragg-Brentano x-ray 
diffraction spectra on codeposited IrSi3 films. 



4.13 IrSij epitaxial growth on Si(lll) and Si(lOO) 

IrSij films formed between 630 °C and 780 °C on Si(lll) substrates display a 

streaky RHEED pattern which is repetitive with a 60° rotation of the substrate. The 

rotational dependence of these patterns establishes a six-fold symmetry of the oriented 

growth vdth the Si(lll) surface and is consistent with c-axis oriented growth of IrSij 

crystallites (IrSi3[0001]iSi[l 11]). However, the in-plane orientation of the crystallites 

appears rotated by 30° on the Si(l 11) surface with respect to that of the Mode B epitaxial 

growth described in Table 4.3. Mode B growth is expected from its lattice match with the 

Si(lll) surface. LEED on the Si(lll) samples formed between 630 °C and 780 °C 

confirmed a 30° rotation of the IrSi3 crystallites on the Si surface. Figure 4.5 shows the 

LEED image, with a well defined epitaxial spot pattern, of a 100 A IrSis film deposited on 

Si(ll I) at 670°C. The image displays diffraction spots from both the Si substrate and the 

silicide film indicating that some islanding occurs at this deposition temperature (section 

4.14). However, the islanding proves useful in this analysis since it allows direct observation 

of the lattice match between the IrSij crystallites and the Si(l 11) surface. Bright diffraction 

spots from the silicide fihn measure a ~ 0.89 ratio with respect to the diffraction spots of the 

Si{022} planes having an interplanar spacing of-1.92 A. The spacing is consistent with 

diffraction from the family of lrSi3{ 120} planes which have a bulk value of ~ 2.18 A. giving 

a ratio of -0.88. The crystallite's orientation on the Si(l 11) surface defines a previously 

unreported IrSij epitaxial growth, with lrSi3(0001)llSi(l 11) and IrSi3lT010]llSi[2Tl]. I label 

this growth. Mode B*, in reference to its 30° rotation on the Si(l 11) surface with respect to 



96 

the previously reported growth mode B. Mode B* epitaxial growth is rather unexpected 

since there is no obvious lattice match of the IrSi3 crystallites with the Si(l11) surface. 

Figure 4.5 LEED image from ~ 100 A IrSi3 film codeposited at 670 °C showing diffraction 
spots from both Mode B * epitaxy and the Si( 111) substrate. 

Transmission electron diffraction analysis of IrSi3 films on Si(111) confirmed that 

the Mode A, Mode B* and Mode C epitaxial orientations, identified in Table 4.3 , are 

responsible for the large peaks observed in the Bragg-Brentano x-ray data. Figure 4.6 shows 

the electron diffraction pattern of Mode B * epitaxy and its corresponding indexingwith the 
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Figure 4.6 Transmission electron diffraction pattern of Mode B* IrSi3 epitaxy. Indexing of 
the crystallites with the Si( Ill) surface is shown in the accompanying figure. 
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Figure 4.7 Transmission electron diffraction pattern showing Mode A IrSi3 epitaxial growth 
on Si(lll ). Indexing of the epitaxial growth is shown in the accompanying figure. 
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Figure 4.8 Transmission electron diffraction pattern of Mode C epitaxy on Si(l11 ). The 
accompanying figure shows the registry of the crystallites with the Si(l11) surface. 

Si( 111) surface. I found only Mode B * epitaxial growth in samples codeposited between 

630 oc and 780 oc, where Bragg-Brentano data showed large amounts of c-axis oriented 

growth. Clearly there is not any significant amount of Mode B growth in these films since 

no indications of this epitaxy are found in the electron diffraction patterns. IrSi3 films 

formed above 780 oc show the formation of large amounts of Mode A epitaxial growth in 

addition to Mode B *. This is consistent with the increased integrated intensity of the 

IrSiJC11 0) plane in the Bragg-Brentano analysis for the highest temperature depositions. The 

diffraction pattern in Figure 4.7 clearly identifies the registry of this growth mode with the 

Si(111) surface. In addition, I observe the formation of Mode C epitaxy as shown in Figure 

4.8. Mode C epitaxial growth was identified only in the IrSi3 films formed at 940 °C. My 

results contrast with those of Lin et al. 57 who formed 77 A MBE-codeposited IrSi3 films. 
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They reported roughly equal amounts of Mode A and Mode Bat 630 oc on Si(lll) while 

those deposited at 780 oc showed only mode C epitaxial growth. Since I obtain similar 

results for both ~450 A and ~ 100 A films, I believe the differences between Lin's results and 

those reported here are not due to a thickness dependence on the epitaxial growth. However, 

the discrepancy may result from differences in the miscut of the substrates used for the 

depositions (I used oo miscut rather than industry standard 4° miscut Si(lll) wafers). 

0 Si 
• lrSi 3 

(0111) • 

• 
(0111) 

0 
Si(022) 

Si(022) 
0 

(0111) • 

• 
(0111) 

Figure 4.9 Transmission electron diffraction pattern of Mode K IrSi3 epitaxy on Si(l 00). 
Indexing of the Mode K crystallites with the Si(l 00) surface is given in the accompanying 
figure. 

I was unable to determine the registry of the epitaxial growth modes identified by 

peaks in the Bragg-Brentano spectrum for IrSi3 epitaxy on Si(l 00). This suggests the 

observed Bragg-Brentano peaks may be attributed to oriented crystallites that are rotated 

randomly on the surface. However, I did observe epitaxial growth for IrSi3 on Si( 1 00) in 

samples deposited between 630 oc and 780 °C. Figure 4.9 shows the transmission electron 
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dif&action pattern from a 100 A IrSij film formed at 630 °C clearly showing epitaxial 

growth at this temperature. Indexing of the pattem is given in the accompanying figure. The 

orientation of the IrSi3[2113]iSi[100] and IrSi3[0lT0]iSi[lT0] defines a previously 

unreported epitaxial growth mode for IrSij crystallites on Si(lOO) I call Mode K. The Mode 

K crystallite orientation does not produce a matching plane with the Si(lOO) surface where 

the (hkil) of this plane is irrational of ~ (2 T T 4.63), explaining why no evidence of this 

epitaxial growth is identified by Bragg-Brentano analysis. In addition, I believe the 

existence of this epitaxial growth may explain the discrepancy observed between the 

integrated intensity of the Bragg-Brentano peaks and ion beam channeling results on Si(lOO) 

at temperatures of ~700 °C. My results contrast with those obtained by Chu and Chen (ref), 

who prepared IrSij films by annealing 300 A Ir films to 1000 °C. In their study, they 

observed growth Mode J as well as a growth orientation that they called Mode B' (where 

lrSi3(22?3)||Si(100) and IrSi3[lT00]|Si[lI0]). Since I did observe a peak in the Bragg-

Brentano spectra corresponding to Mode J, small amounts of this epitaxy may have been 

present in my films but went undetected. In addition, the structure factor for the IrSi3(22?3) 

plane is zero, so a diffraction peak due to Mode B' epitaxy would not be found by the Bragg-

Brentano data. However, my electron diffraction study clearly showed no significant 

amounts of Mode B' growth in my samples. The differences between the results of Chu and 

Chen and those reported here are likely due to different formation methods of the IrSij films 

and temperatures involved between the two studies. A temperature dependence on epitaxial 

growth is not surprising since the IrSij films formed on Si(l 11) clearly show the dominance 
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of Mode B* growth at temperatures of ~ 700 °C, where Mode A growth is dominant at 

higher temperatures. 

X-ray rocking curve analysis performed on Si(l 11) samples showed the epitaxial 

growth in these films exhibit a narrow mosaic spread. The large diffraction peaks associated 

with the Mode B* and Mode A epitaxial growth provided adequate signal for the analysis. 

Rocking curves for the Mode B* crystallites of the 450 A IrSij films deposited at 680-780 

°C have a full-width at half-maximum (FWHM) of ~0.38° or less, where the 680 °C film 

had a value of only 0.07°. Similar results were found for 100 A IrSis films, where the Mode 

B* crystallites from a 670 °C deposition revealed a FWHM of 0.2°. Rocking curve data 

from the Mode A crystallites showed them to have a slightly larger mosaic spread than the 

Mode B* crystallites. The FWHM of the curves fi-om Mode A crystallites of 450 A IrSij 

films were 0.64° and 0.45°, where a 100 A film measured a value of 0.4°. The narrow 

breadth exhibited by the rocking curves on the Mode B* and Mode A crystallites indicate 

a high degree of orientation with the Si(l 11) surface. I found no evidence of twinning or 

tilted epitaxy in any of the samples. 
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Figure 4.10 The rms surface roughness of ~ 450 A IrSi, films codeposited on Si( 100) and 
Si(l 11) measured by atomic force microscopy as a function of deposition temperature. 

4.14 Surface morphology of IrSij films 

I analyzed the surface morphology of the IrSi- films using atomic force microscopy 

and transmission electron microscopy. Figure 4.10 plots the measured rms surface roughness 

of ~ 450 A IrSij films, averaged over a 3.0 (am ^ 3.0 ^im area, as a function of deposition 

temperature showing a trend of increasing roughness with higher deposition temperatures. 

The samples formed below 450 °C. where x-ray diffraction shows no evidence of cr\ stallite 

growth, are rather featureless with a measured rms surface roughness of ~5 A. At deposition 

temperatures around 500 °C. where the formation of polycrystalline IrSi; growth occurs, the 
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Silicon 

Figure 4.11 A cross-sectional image from a ~ 450 A IrSi3 film codeposited at 450 °C. 

rms surface roughness of the 450 A IrSi3 films increases to around 40 A. Figure 4.11 shows 

a cross-sectional TEM micrograph of a ~450 A polycrystalline IrSi3 film. The figure shows 

a smooth and abrupt IrSi/ Si interface in addition to a relatively flat surface. Polycrystalline 

IrS i3 films of ~ 100 A thickness were also found to be relatively smooth ( ~20 A rn1s 

roughness) and continuous for deposition temperatures below 550 °C. As shown in Figure 

4.1 0, the 450 A IrSi3 films formed on Si(l11) between 630 oc and 780 oc, where Mode B * 

epitaxial growth occurs, are similar in roughness to films on Si(l 00), where Mode K epitaxy 

is found. However, the feature sizes on Si(l 00) samples were in general smaller than for 

Si(111) films at similar deposition temperatures. Electron microscopy on the 450 A fihns 

formed at 780 oc showed small gaps in the surface coverage, however no complete islanding 
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of the crystallites was found. The thinner 1 00 A IrSi3 films were found to be continuous at 

deposition temperatures of630 oc as shown by Figure 4.12. However, islanding of the 100 

A IrSi3 films is found at deposition temperatures of670 oc (Figure 4.13) as was suggested 

by the observation of Si diffraction spots in LEED. Complete islanding of the thicker 450 

A IrSi3 films was observed only at the highest deposition temperatures of 940 oc where 

patches of IrSi3 crystallites with in-plane dimensions as large as 2 ~m were observed. 

Figure 4.12 Transmission electron micrograph of a ~ 100 A IrSi3 film codeposited at 630 oc 
displaying continuous crystallite growth over the Si(l 00) surface. 
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Figure 4.13 Transmission electron micrograph of a~ 100 A film codeposited at 670 oc on 
Si(l 11) showing islanding of IrSi3 at this temperature. 

4.15 Summary of IrSi3 films 

I formed nearly pure polycrystalline IrSi3 films at temperatures as low as 450 oc by 

codeposition techniques, the lowest reported temperature for growth of this phase. The 

polycrystalline films form relatively smooth and continuous films. IrSi3 codeposited on 

Si(111) and Si(1 00) at temperatures above 550 oc form more highly oriented films, with a 

higher amount of localized epitaxial growth observed on Si(111) than that of Si(l 00). Small 

amounts of other silicide phase growth is observed at these high temperatures, however the 
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films appear to contain predominantly IrSij crystallite growth. In addition, a previously 

unreported IrSij epitaxy on Si(l 11), Mode B*, dominated the growth in depositions between 

630 °C to 780 °C. This epitaxial growth is somewhat unique in that the crystallites have no 

obvious lattice match with the Si(l 11) surface. Furthermore, the formation of a previously 

unreported IrSij epitaxial growth on Si(lOO), Mode K, was also identified. The highly 

oriented IrSis films show evidence of islanding at temperatures above 780 °C and 630 °C 

for 450 A and 100 A thick films, respectively. The formation of the polycrystalline IrSij 

films at temperatures below 550 "C is technologically important since they exhibit nearly 

pure phase and continuous growth, desirable material properties for IR detector applications. 

In addition, the formation temperature is readily compatible with FPA processing 

technology. The highly oriented films deposited at higher temperatures are interesting fi-om 

a material standpoint, however the associated presence of small amounts of other silicide 

phases and multiple epitaxial growth orientations may lead to nonuniformity problems in 

detector applications. In addition, the islanding observed at temperatures above 630 °C for 

100 A films will provide a lower photon capture efficiency than the continuous 

polycrystalline films. Also, in a FPA, the contact to the detector is usually formed at the 

edge of the detector. In a completely islanded film, sensing of the crystallites interior from 

the edge will not be possible in this case. The optical and electrical properties measured for 

IrSij films on Si(lOO) and Si(l 11) are presented in chapter 5. 
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4.2 Codeposited Ir3Si4 films 

Previous studies of Ir films annealed on Si substrates suggest the formation of only 

three silicide phases in these reactions up to 1000 °C which were then identified as IrSi. IrSi, 

(x~1.5 to 1.75), and IrSi3.(ref) The ^3814 silicide phase had been identified in bulk reactions 

at the time of this research.®^ However, little evidence of ^3814 crystallite growth was found 

in the data obtained on these films. I observe similar results in my study of armealed Ir films 

in section 4.3. The lack of any significant amounts of ^3814 crystallite formation in annealed 

Ir studies suggests the phase is not favored in these reactions and is somehow bypassed in 

a transition from IrSi to the more Si rich phase IrSi^. As discussed in Section 4.11.1 found 

that codeposition of Ir and Si in a 1:3 atomic ratio forms IrSi; at temperature as low as 450°C 

where previously only IrSi was found in annealed Ir reactions. The results on my 

codeposited IrSis films suggested that ^3814 formation might be possible by codepositing Ir 

and Si in a 3:4 atomic ratio under the proper growth conditions. Since a more Si rich phase 

was found to dominate at annealing temperatures exceeding ~550 °C, I concluded the most 

likely growth conditions for success would be at or below this temperature. Also, since the 

barrier height of ^3814 films had not been established, their capabilities as infrared detectors 

was worth investigation. The Ir and Si deposition rates for my codeposited lr3Si4 tllms were 

nominally 0.19 A/sec and 0.36 A/sec. respectively, to achieve a 3:4 atomic percent 

concentration in the films. Two deposition techniques were attempted to form the Ir^Sij 

phase. In one study, the films were codeposited on room temperature Si(lOO) and Si( 111) 
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substrates and subsequently annealed for one hour at temperatures between 450 °C and 550 

°C. The other method involved codepositing ^3814 on hot Si(IOO) substrates. In the 

following sections, I report the results of my work on codeposited Ir3Si4 films . 

4.21 Annealed Ir3Si4 codeposited films 

There was a clear indication of silicide growth in the ^3814 films annealed between 

450 °C and 550 °C by the presence of peaks in their x-ray spectra. Figure 4.14 shows the 

8eemann-Bohlin spectrum of a 480 A Ir38i4 film annealed at 450 °C. The peaks observed 

in the spectra are found to be in relative agreement with those expected firom the bulk 

orthorombic crystal structure of Ir3Si4 described by Engstrom. with a= 18.874 A. b = 3.698 

A. and c = 5.772 A.^ In addition. Bragg-Brentano x-ray diffraction of this film revealed 

relatively small peaks in its spectra consistent with ^3814 crystallite growth. Thinner Ir38i4 

films annealed at 450 °C and 550 °C show similar peaks in their diffraction spectra with the 

major difference being a notable decrease in the measured intensity. The observed 

correlation between the location and relative intensities of peaks in the x-ray spectra with 

those planes of Ir38i4 having the largest structure factors (Appendix A) indicates the 

predominant silicide phase forming in these annealed films is ^3814. Table 4.4 contains a 

tabulation of the d-spacings derived from the peaks observed in the x-ray diffraction spectra 

and planes of ^3814. with relatively large structure factors, corresponding to these measured 

values. 8ome values in the table are indexed with multiple planes from the Ir3Si4 structure, 

having only slightly different lattice spacing vvhere factors, corresponding to these measured 
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Figure 4.14 Seemann-Bohlin x-ray diffraction spectrum of a 480 A Ir3Si4 film, annealed at 
450 °C. showing diffraction peaks consistent with ^3814 crystallite growth. 

values. Some values in the table are indexed with multiple planes from the Ir3Si4 structure, 

having only slightly different lattice spacing where I have allowed for the possibility that the 

observed peak is a convolution of diffiacted intensity from multiple planes of the structure. 

The Ir3Si4 films formed in the annealed reactions are polycrystalline in structure on 

both Si( 100) and Si( 111) substrates. Figure 4.15 shows the electron diffraction pattern from 

a 240 A Ir3Si4 film on Si(lOO) annealed at 450 °C. The randomly distributed spots located 

in the pattern are consistent with the lack of epitaxial growth in this film. Similar diffraction 

patterns are observed on both Si(lOO) and Si(ll 1) substrates for annealing 
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Seemann-Bohlin 
Xray Diffraction 

(a) 

Bragg-Brentano 
X-ray Dif&action 

(b) 

Electron 
Difli^ction 

Ir3Si4 bulk d-spacings 
and planar index 

(c) 

9.6 A 9.437 A (200) 

— 4.94 A 4.924 A (201) 

4.31 A 4.253 A (301) 

3.65 A 3.662 A 3.69 A 3.653 A (401) 

3.137 A 3.154 A 3.19 A 3.145-3.159 A (600), (501) 

2.747 A 2.766 A 2.78 A 2.759-2.762 A (202), (601) 

2.460 A 2.467 A 2.49 A 2.462 A (402) 

2.375 A 2.396-2.402 A (610,(511) 

2.358 A 2.359 A (800) 

2.205 A 2.216 A 2.20 A 2.212-2.213 A (212),(6!1) 

2.128 A 2.142 A 2.14 A 2.139 A (312) 

2.032 A 2.039 A 2.05 A 2.038-2.049 A (711),(412) 

1.965 A 1.972 A 1.97 A 1.970 A (702) 

1.880 A 1.848-1.885 A (020),(811),(203) 

1.832 A 1.827-1.839 A (802),(303) 

1.817 A 1.814 A (220) 

1.789 A 1.795 A 1.80 A 1.794 A (10,01) 

a) corrected by calibration scans 
b) some very small peaks not reported 
c) Ir3Si4 orthorombic structure, a = 18.874 A, b = 3.698 A and c = 5.772 A 

Table 4.4 A summary of d-spacings derived from Seemann-Bohlin x-ray, Bragg-Brentano 
x-ray, and transmission electron diffraction of annealed ^3814 films. Planes from the bulk 
Ir3Si4 crystal structure corresponding to the experimental values are given for direct 
comparison. 
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Figure 4.15 Transmission electron diffraction pattern of a 240 A Ir3Si4 film codeposited on 
Si(l 00) and annealed at 450 °C displaying polycrystalline film growth. 

temperatures of 450 oc and 550 oc. The d-spacings measured from the diffraction patterns 

of these polycrystalline films are found consistent with the Ir3Si4 crystal structure (Table 4.4). 

Low-angle x-ray diffraction shows the thickness of the codeposited Ir3Si4 films is 

close to that expected for bulk Ir3Si4 crystallite growth. Figure 4.16 shows the low-angle 

spectrum of a codeposited Ir3Si4 film annealed at 450 oc determined by RBS to have an 

equivalent 196 A ( ± 5) bulk Ir content and a 4 2 % ( ± 1) composition in the silicide film. 

Assuming bulk density Ir3Si4 growth, the reacted thickness should be ~2 . 37 x the bulk Ir 

content of the film. The measured thickness of 470 A (± 3) agrees very well with the 
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expected thickness of 465 A (± 12). In addition, the high modulation of the Bragg peaks 

observed in the spectra suggests that the interfaces have a fairly sharp profile. Low-angle 

measurements on two other -240 A lr3Si4 fihns, which RBS determined to have a 40 % (±5) 

Ir composition, annealed at 450 °C and 550 °C provided similar results to those of this film. 

IrgSî , 270 a-gstiaris Frt 

I Q01 
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r IVfeasired Caa 
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Figure 4.16 Low-angle x-ray diffraction spectrum of a codeposited IrsSi^ film annealed at 
450 °C. The fit to the data (accompanying curve) indicates a film thickness of ~470 A. 

To investigate the effect of codeposited stoichiometry on Ir3Si4 growth, I codeposited 

Ir and Si at room temperature in a 1:1 and 3:5 atomic ratio. In each case, the films were 

annealed at 450 °C for one hour. Seemann-Bohlin x-ray diffraction on the 1:1 codeposited 

films shows the formation of only IrSi and no indication of lr3Si4 growth in the film. In the 

case of the 3:5 ratio films, there was little evidence of any silicide formation at this 
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temperature. The lack of any Ir3Si4 crystallite growth in the 1:1 and 3:5 ratio films indicates 

there are limits to how Si rich/poor the codeposited ratio can be in these annealed films and 

still obtain any significant amount of ^3814 crystallite growth. In addition, there appears to 

be no large amounts of other silicide growth, such as IrjSij or IrSij, for 3:5 ratio films 

armealed at 450 °C. 

4.22 Ir3Si4 codeposited on hot Si(lOO) substrates 

Ir3Si4 films codeposited on hot Si(lOO) substrates at temperatures of ~ 500 °C 

exhibit oriented growth as evidenced by streaks observed in their RHEED patterns. Figure 

4.17 shows the RHEED pattern from an Ir3Si4 codeposition at 550 °C. The oriented growth 

in the film has four-fold symmetry on the Si(lOO) substrate as indicated by the repetitive 

pattern formation with a 90 degree rotation of the substrate. However, no LEED pattern is 

observed on these films. 

Seemarm-Bohlin x-ray diffi^ction on -120 A and -240 A thick IrjSi^ films deposited 

between 450 °C and 550 °C showed a high dependence of the peaks observed in the 

spectrum with in-plane rotation of the sample. A rotational dependence in the Seemann-

Bohlin spectrum is a further indication that these films contain substantial amounts of highly 

oriented growth. The peaks that are observed are mostly consistent with those of the 

annealed Ir3Si4 films discussed above. A thicker 480 A film deposited at 450 °C, having 

lower rotational dependence in the Seemann-Bohlin diffractometer, clearly shows an x-ray 

spectrum similar to that of the annealed ksSij films as shown in Figure 4.18. By comparison 
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with x-ray spectra of annealed Ir3Si4 films (Figure 4.14), the most notable difference is the 

lower relative intensity or absence of the observed diffraction peak at,....., 14.2 degrees observed 

in all of these more oriented films. The Bragg-Brentano x-ray diffraction spectra shows only 

the formation of very small peaks, consistent with Ir3Si4 growth, and therefore provided no 

obvious clues to the identity of the oriented growth in these films. 

Figure 4.17 RHEED pattern from 240 A Ir3Si4 codeposition on Si(l 00) at 550 °C. 

Further investigation using transmission electron diffraction identified three epitaxial 

orientations of Ir3Si4 crystallites on Si(1 00). Figure 4.19 shows the electron diffraction 

pattern from a,....., 120 A Ir3Si4 film deposited at 500 oc displaying Ir3Si4 epitaxial growth. 

Indexing of the Ir3Si4 crystallite's orientations with the Si(1 00) substrate is given in the 

accompanying figures. In addition, for each of the indexed growth modes, a similar epitaxial 

growth of the Ir3Si4 crystallites rotated at 90 degrees on the surface completes the observed 

diffraction pattern of Figure 4.19. A description of the epitaxial modes observed is given 

below: 
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Figure 4.18 Seemann-Bohlin x-ray diffraction spectrum from a 480 A IrjSij codeposition 
on Si(lOO) at 450 °C showing diffraction peaks consistent with Ir5Si4 crystallite growth. 

Mode A Ir3Si4[102]||Si[001] Ir3Si4(402)||Si(022) 

Mode A' Ir3Si4[102]||Si[OOI] Ir3Si4(402)||Si(022) 

Mode B IrjSi^pOSliSipi] Ir3Si4(302)||Si(022) 

Mode B' Ir:,Si4[2O3]||Si[00I] Ir3Si4(302)||Si(022) 

Mode C Ir3Si4[201]||Si[001] Ir3Si4(102)iiSi(022) 

Mode C Ir3Si4[20I]||Si[001] Ir3Si4(102)!|Si(025) 
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The epitaxial growth modes identified are consistent writh the streaks observed in the 

RHEED patterns of these films. The four-fold symmetry observed results firom the 

degeneracy of the epitaxy on the surface. It is not clear that multiple growth modes will 

prevent the formation of a LEED pattern, however their presence would clearly limit the 

formation of well defined spots due to lower in-plane coherence in the sample. In addition, 

the orientations of ^3814 crystallites on the Si substrate form crystallographic planes parallel 

to the Si(lOO) surface with (hkl) of irrational values (eg. Mode .A. gives -IrjSi^CS.S 0 

l)||Si(100)). Therefore, these epitaxial growth modes are also consistent with the lack of 

large peaks in the Bragg-Brentano x-ray spectra. 1 found the epitaxy to be of highest quality 

for lr3Si4 films codeposited at 500 °C and 550 °C by the sharp spots obser\'ed in their 

electron diffraction patterns. At a lower deposition temperature of450 °C. the small arcs and 

rings observed in electron diffraction patterns suggests the oriented growth at this deposition 

temperature was of inferior quality. Chung et al. have reported the formation of lr5Si4 

epitaxial growth for 1:1 codepositionsoflrand Si on heteroepitaxial Si,.^Ge^/Si(100) films."" 

The epitaxial growth was identified as the Mode A and Mode C described above. They did 

not observe the formation of the mode B epitaxial growth. The 1:1 deposition rates for their 

films suggests a reaction with the Si|.^Ge^ film occurred to form Ir;Si4. The formation of 

Ir3Si4 epita.\ial growth by reaction wdth the hot substrate is not surprising since 1 have found 

lr3Si4 epitaxial growth for pure Ir depositions on both Si(lOO) and Si(lll) at -500 °C 

(Section 4.33). 
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Figure 4.19 Transmission electron diffraction pattern of a 120 A lr3Si4 film codeposited on 
Si(l 00) at 500 °C. The pattern displays diffraction spots consistent with Mode A,B,and C 
lr3Si4 epitaxial growth in this film as indexed by the accompanying figures . 
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Silicon 

Figure 4.20 Cross-sectional image of a 240 A lr3Si4 film codeposited at room temperature 
and annealed at 450 °C. 

4.23 Surface morphology of lr3Si4 films 

I used atomic force microscopy and transmission electron microscopy to characterize 

the surface morphology of the codeposited lr3Si4 films. Polycrystalline lr3Si4 films formed 

by annealed room temperature codepositions displayed very smooth surface texture. Films 

with nominal thicknesses of 120-480 A measured rms roughness values of --5-20 A, where 

no correlation with annealing temperature or film thickness was obvious. Figure 4.20 shows 

a cross-sectional TEM micrograph of a polycrystalline lr3Si4 film, deposited at room 

temperature and annealed at 450 °C. As shown by the figure, the lr3Si4 film displays a fairly 

sharp silicide/Si interface in addition to a relatively smooth surface. The highly oriented 
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lr3Si4 films formed by hot codepositions on Si(1 00) also display similarly smooth surfaces 

as those of the polycrystalline films, with measured roughness values as low as --- 5 A. 

Figure 4.21 shows an electron micrograph from a ---120 A lr3Si4 film deposited at 500 oc. 

The figure displays continuous growth of the lr3Si4 crystallites across the substrate surface, 

which I found for all the Ir3Si4 films formed in this study. 

Figure 4.21 Transmission electron micrograph of 120 A Ir3Si4 film codeposited at 500 oc 
showing continuous crystallite growth across the Si(1 00) surface. 
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4.24 Summary of Ir3Si4 films 

In summary, I found ccxieposition of Ir and Si in a 3:4 atomic ratio can successfully 

form predominantly single-phase Ir3Si4 films. The Ir3Si4 films formed by annealing room 

temperature codepositions at temperatures between 450 °C and 550 °C are polycrystalline 

on both Si(lOO) and Si(lII) substrates. However, codeposited films formed on hot Si(lOO) 

substrates exhibit up to three modes of Ir3Si4 localized epitaxial growth, with the highest 

oriented growth observed for depositions at 500 °C and 550 °C. The Ir3Si4 films formed by 

both deposition techniques display very smooth and continuous films. The nearly single-

phase and continuous growth found for the Ir3Si4 fibns are highly desirable material 

properties for infrared detector applications. In addition, the formation temperatures for these 

films are compatible with FPA processing technology. The results of electrical and optical 

measurements for Ir3Si4 films are presented in chapter 5. 
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43 Ir film depositions 

In the previous sections of this chapter, I have approached the formation of iridium 

silicide films using codeposition techniques. Codeposition of IrSis and Ir3Si4 was deemed 

necessary to form pure phase films due to the apparent inability to form these films by 

conventional means or at temperatures compatible with FPA processing. A more common 

approach to forming silicide films is by reacting pure metal depositions with a silicon 

substrate. The simplicity of pure Ir depositions makes this technique highly applicable for 

infilled detectors, as long as the desired optical and electrical properties can be obtained. 

Previous researchers found that annealing Ir films on n-type Si substrates form at least two 

other silicide phases, IrSi and IrSi,(x ~ 1.5-1.75).'® In addition, relatively high barrier 

heights have been measured for IrSi and IrSi, on n-type silicon, suggesting low barrier 

heights on p-type silicon. Therefore, I investigated the growth and structure of silicide films 

formed by pure Ir depostions for their potential applications as infiared detectors. 

4.31 Effect of annealing temperature on silicide phase growth 

I deposited Ir films at a nominal deposition rate of 0.12 A/sec on room temperature 

Si(lOO) and Si(l 11) substrates. I subsequently increased the substrate temperature at a rate 

of ~ 15 °C/min to a final peak annealing temperature. The samples were annealed for ~I 

hour at the peak temperature and then returned to ambient conditions. In the following 

sections, I report on the results of my work in annealed Ir films. 
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Figure 4.22 Seemann-Bohlin x-ray diffraction spectrum from a 100 AIr film, annealed at 
350 oc for one hour, showing peaks from unreacted Ir crystallites. 

4.31a Formation of IrSi 

I found little evidence of silicide growth for Ir films annealed at temperatures lower 

than 400 °C. Figure 4.22 shows the Seemann-Bohlin x-ray diffraction spectrum from a 100 

A Ir film annealed at 350 oc for one hour. The large peak observed at ,__,20.3 o in the 

spectrum, consistent with diffraction from the Ir(111) plane, indicates an incomplete reaction 

of the Ir film with the substrate. However, some lower intensity peaks observed in the 

spectrum suggest the formation of some silicide growth occurs at 350 °C. Further 

investigation by transmission electron diffraction clearly shows that pure Ir crystallites are 

present at this annealing temperature. Figure 4.23 shows the electron diffraction pattern of 

the same Ir film annealed at 350 °C. The darkest polycrystalline rings in the pattern 



123 

Figure 4.23 Transmission electron diffraction pattern from 100 AIr film annealed at 350 oc 
showing dark polycrystalline rings from Ir crystallites and fainter rings consistent with IrSi. 

are consistent with diffraction from Ir crystallites. In addition, some IrSi formation in the 

film was confirmed by the presence of much fainter rings consistent with the growth of this 

silicide phase. Table 4.5 contains a summary of the d-spacings derived from the pattern and 

those of the corresponding Ir and IrSi planes found consistent with the measured values. 

The large amount of unreacted Ir found at 350 oc clearly indicates higher annealing 

temperatures are required to form complete silicide films for annealing times of one hour. 

However, the formation of IrSi growth observed at 350 oc also suggests much longer 

annealing times at this temperature may facilitate the formation of complete IrSi films. 
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Electron 
Diffraction 

Bulk IrSi-spacings and 
Planar Index (a) 

Bulk Ir d-spacings and 
Planar Index (b) 

2.77 A 2.778-2.865 A (200),(011) — 

2.22 A — — 2.217 A (Ill) 

2.09 A 2.079-2.083 A (202),(1I2) 

1.98 A 1.955-1.995 A (103),(211) 

1.91 A — — 1.920 A (200) 

1.74 A 1.753 A (013) — 

1.35 A — — 1.357 A (220) 

1.15 A — — 1.157 A (311) 

a) IrSi orthorombic structure, a = 5.558 A,b = 3.221 A, and c = 6.267 A 
b) Ir face centered cubic structure, a = 3.840 A 

Table 4.5 A summary of d-spacings from the transmission electron diffraction pattern of a 
Ir film annealed at 350 °C with corresponding bulk Ir and IrSi planar spacings. 

Many transition metals initially form metal-rich silicide films in reactions with 

silicon substrates. With increasing annealing temperature, the metal-rich silicide films 

typically further react with the silicon substrate to form more silicon-rich compounds.^^ Ir 

rich silicide phases such as frjSi and IrjSi have been identified in bulk reaction studies."^ 

However, the apparent formation of only IrSi along with the pure Ir in the sample annealed 

at 350 °C suggests that IrSi is the predominant phase initially formed in annealed Ir 

reactions. 

Ir films, annealed at slightly higher temperatures of 450 °C for one hour clearly show 

the formation of IrSi phase growth. Figure 4.24 shows the Seemann-Bohlin spectrum of a 
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~200 A IT film annealed at 450 °C. Thinner 50 A and 100 A Ir fUms, annealed at 450 °C, 

display similar peaks in their spectra with some noticeable variations in relative intensity. 

The absence of the lr(l 11) peak in their x-ray spectra indicates that the Ir film has entirely 

reacted vvith the substrate. In appendix A, I have calculated the structure factors of 

diffraction of the orthorombic IrSi unit cell described by Engstrom et al., with a = 5.558 A, 

b = 3.221 A, and c = 6.273 A.®^ I find a good correlation between the peak positions 

observed in the x-ray spectra and those of IrSi having the largest structure factors. .A. 

summary of the peaks observed in the x-ray diffraction spectra are given in Table 4.6. 

The IrSi films formed by aimealed Ir reactions at 450 °C are predominantly 

polycrystalline in structure. I infer this from the absence of streaks in their RHEED pattems. 

In addition, no large peaks are observed in the Bragg-Brentano x-ray spectra of these IrSi 

films. Figure 4.25 shows a transmission electron diffraction pattern from a 100 A Ir film on 

Si(l 11) annealed at 450 °C. The formation of continuous rings observed in the electron 

diffraction pattems on both Si(lOO) and Si(l 11) substrates are consistent with the lack of any 

IrSi epitaxial growth. The lattice spacings derived from the rings of the diffraction pattems 

are consistent with those observed by x-ray diffraction. A summary of the d-spacings found 

in the pattems is given in Table 4.6. 
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Figure 4.24 Seemann-Bohlin x-ray diffraction spectrum of a 200 A Ir film annealed at 450 
oc for one hour displaying diffraction peaks from IrSi crystallite formation. 

Figure 4.25 Transmission electron diffraction pattern of a 100 A Ir film annealed at 450 oc 
showing polycrystalline rings from IrSi crystallite growth. 
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Seemann-Bohlin 
X-rayDiffraction 

(a) 

Bragg-Brentano 
X-ray Diffiaction 

Electron 
Dif&action 

IrSi bulk d-spacings 
and planar index 

(b) 

4.170 A 4.22 A 4.158 A (101) 

3.162 A 3.135 A 3.16 A 3.134 A (002) 

2.885 A 2.894 A 2.93 A 2.865 A (Oil) 

2.789 A 2.777 A 2.75 A 2.779 A (200) 

2.57 A 2.56 A 2.568 A (111) 

2.085 A 2.084 A 2.09 A 2.079-2.083 A (202),(112) 

1.998 A 1.996 A 2.01 A 1.995 A (211) 

1.954 A 1.952 A 1.96 A 1.956 A (103) 

1.760 A — 1.77 A 1.753 A (013) 

— — 1.63 A 1.610 A (020) 

— — 1.49 A 1.482-1.501 A (213),(l2l) 

a) corrected by calibration scans 
b) IrSi orthorombic structure, a = 5.558 A, b = 3.221 A and c = 6.267 A 

Table 4.6 A summary of d-spacings derived from Seemami-Bohlin x-ray, Bragg-Brentano 
x-ray, and transmission electron diffraction patterns for Ir films annealed at 450 °C. A listing 
of planar spacings from bulk IrSi corresponding to the experimental values is also provide 
for comparison. 
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Figure 4.26 Seemann-Bohlin x-ray diffraction spectrum from a 200 A Ir film annealed at 
550 °C for one hour. The peaks are indexed by corresponding planes of the ^3815 crystal 
structure. 

4.31 b Formation of [r3Si5 

The Seemann-Bohlin spectrum of a 200 A Ir film annealed at 550 °C shown in figure 

4.26 is, by direct comparison, clearly different from that of the IrSi films formed at 450 °C. 

In addition, the diffraction peaks observed in the Bragg-Brentano spectrum of this relatively 

thick film also show no indications of IrSi crystallite growth. The lack of IrSi diffraction 

peaks in the spectra of these fihns suggests that a more silicon rich phase has formed at this 

temperature from further reaction with the substrate. Furthermore, the peaks observed in the 

spectra are not consistent v^dth those observed for the codeposited IrSis or frjSi^ films 
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discussed in Sections 4.1 and 4.2. I find the peaks observed in the x-ray diffi^ction spectra 

are most consistent with the growth of IrjSij. 

In 1970, Engstrom et al. reported on a Si rich silicide phase assigned the approximate 

composition of feSij." The IrjSij phase was determined to have a monoclinic structure with 

lattice constants of a = 6.642 A, b = 14.166 A, c = 12.426 A, and P = 120.61 Peterson et 

al. suggested that Ir,Si3 could possibly be the phase formed by Ir films annealed at 

temperatures above -550 °C.^ However, due to a misprint in previous publications for the 

lattice constants of Ir2Si3 (a = 5.542 A instead of a = 6.642 A), the values derived for the 

comparison were in error. In addition, as Peterson pointed out, the lack of complete 

structural information makes it somewhat ambiguous to compare x-ray and electron 

diffraction results with the formation of Ir2Si3. Furthermore, RBS stoichiometry 

measurements on the films formed in Peterson's study estimated a composition closer to 

Ir^Siy, being more Si rich than IrjSij. Many subsequent publications refer to this phase as 

IrSi^ or IrSi, 75. In 1987, Engstrom et al. printed a correction to their previous bulk studies 

on iridium silicides and reported the formation of the IrsSis silicide phase.'" This 

stoichiometry is somewhat closer to that of Ir4Si7 found in Peterson's study than Ir^Sij. 

IrjSij was determined to have a monoclinic crystal structure with a = 6.406 A. b = 

14.162 A, c = 11.553 A and p = 116.69°. The complexity of the IrjSis monoclinic structure 

gives rise to a very dense array of possible planar spacings for diffraction. To assist in 

determining if this phase is forming in my films, I calculated the structure factors for the 

IrjSij unit cell. They are found in Appendix A. By comparing this data with the Seemann-
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Bohlin spectra on my films annealed at 550 ° C  (Figure 4.26), I find a good correlation 

between the location of peaks in the x-ray spectra and those planes of IrjSis having the 

largest structure factors. Table 4.7 provides a summary of lattice spacings derived fi-om 

Seemann-Bohlin and Bragg-Brentano x-ray diffraction data. In many cases, the peaks 

identified in the table correspond with multiple Ir3Sis planes having high structure factors and 

only slightly different planar spacings. For many of the multiple indexed values, I am unable 

to uniquely distinguish the individual peaks due to the resolution limits imposed by the 

crystallite sizes in the film. In other cases, the planar spacings are nearly identical. 

Therefore, I have allowed for the possibility that the observed peak is a convolution of 

diffiacted intensity from multiple planes of the structure. Furthermore, any strain of the 

crystallites firom the bulk IrjSis values I use for the comparison will modify the peak 

positions and further hinder absolute identification. The IrjSij films formed from annealed 

Ir reactions at 550 °C are polycrystalline in structure on both Si(lOO) and Si(l 11) substrates. 

As similarly observed for the IrSi films formed at 450 "C, no streaks are observed in their 

RHEED patterns. Examination of the transmission electron diffraction patterns from Ir films 

annealed at 550 °C on both Si(lOO) and Si(l 11) show that the fihns are polycrystalline with 

no clear evidence of epitaxial growth evident on either orientation. This is clearly shown by 

the rings and randomly spaced spots found in the patterns as shown in Figure 4.27. A 

summary of d-spacings found from the diffraction patterns are provided in Table 4.7, 

showing relative agreement with the IrjSij structure. 
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Figure 4.27 Transmission electron diffraction pattern from a 100 AIr film annealed at 550 
oc showing polycrystalline rings consistent with lr3Si5 crystallite growth. 

The occurrence of faint spots in the diffraction patterns consistent with the lr3Si5(0 1 0) 

and lr3Si5(011) planes is somewhat surprising since they are unallowed reflections in the bulk 

lr3Si5 structure. However, similar values were observed by Ohdomari et al. in their electron 

diffraction patterns of films annealed at temperatures above ~550 °C.56 The occurrence of 

these unallowed reflections may result from strain of the crystallites in the polycrystalline 

films from the ideal Ir3Si5 structure. 
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Seemann-Bohlin 
Xray Diffraction 

(a) 

Bragg-Brentano 
X-ray Diffraction 

Electron 
Diffraction 

IPjSis bulk d-spacings 
and planar index 

(b),(c) 

14.2, 8.62 A 14.16, 8.34 A (010),(011) 

7.00, 5.89 A 7.08, 5.84 A (020),(021) 

5.32 A 5.24 A 5.306 A (110) 

4.86 A 4.843-4.849A (112),(012) 

4.47 A 4.451 A (120) 

— 4.23, 3.84 A 4.29, 3.79 A (03T), (T31) 

— 3.72 A 3.642-3.667 A (130),(121),(11?) 

— 3.53 A 3.481-3.540 A (132),(032),(040) 

3.33 A — 3.38 A 3.343-3.349 A (013),(12T),(041) 

3.198 A 3.193 A 
3.15 A 

3.162-3.187 A (131),(202),(102) 

3.11 A 3.115 A 
3.15 A 

3.095-3.109 A (023),(2l2).(112) 

3.03 A 3.014 A 2.96 A 3.011 A (140) 

— 2.87 A 2.875-2.888 A (22T),(2lJ),(104) 

2.462 A 2.452 A 2.50 A 2.447-2.483 A (230),(21I),(I13) 

(043),(152),(052) 

2.16 A 2.184-2.187 A (215),(053) 

2.050 A 2.044 A 2.10 A 2.035-2.040 A (104),(322),(222) 
(143) 

1.940 A 1.942 A 1.939-1.941 A (232),(33I) 

1.895 A 1.894 1.85 A 1.890-1.891 A (310),(035) 

a) corrected by calibration scans 
b) IrjSi, monoclinic structure , a = 6.406 A, b = 14.162 A ,c = 11.553 A and P = 116.69° 
c) index up to (hkl) = (555) only, some equivalent d-spacing variations on indexing not given 

Table 4.7 A summary of d-spacings derived from Seemaim-Bohlin x-ray, Bragg-Brentano 
x-ray, and transmission electron diffraction pattems for Ir films aimealed at 550 °C. Planar 
spacings from bulk IrjSij corresponding to the experimental values is also provided for 
comparison. 
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I found that increasing the annealing temperature to 750 °C and 950 "C did not 

appreciably change the location of peaks observed in the Seemann-Bohlin x-ray spectra or 

spacings in the electron dif&action patterns. The consistency suggests that Ir films annealed 

between 550 °C and 950 °C form predominantly a single iridium silicide phase. Of all the 

phases presently identified in bulk reaction studies, IrjSij is the only phase found to be 

consistent with my electron dif&action and x-ray data. Therefore, I conclude that my 

armealed Ir films form nearly pure IrsSis growth when armealed between 550 °C and 950 °C. 

4.31c Surface morphology of annealed Ir films 

I used atomic force microscopy and transmission electron microscopy to study the 

morphology of the silicide films formed by armealed Ir depositions. The surface morphology 

of Ir films annealed at 350 °C, where little evidence of silicide formation occurred, are very 

smooth with an rms surface roughness of ~ 5A. At temperatures of 450 °C, where 

polycrystalline IrSi films form, there is a noticeable increase in the measured surface 

roughness. A 400 A IrSi film (200 A Ir) measured an average rms surface roughness of ~ 

85 A indicating a grainy surface of the film. 100 A and 200 A IrSi films formed at 450 °C 

had similarly textured surfaces and had average rms roughness of ~ 20 % of the IrSi film 

thickness. Figure 4.28 shows a transmission electron micrograph of a 200 A IrSi film 

displaying continuous growth of the IrSi crystallites across the substrate surface. No 

evidence of islanding is found in any of the IrSi films formed in these 
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Figure 4.28 Transmission electron micrograph of a 200 A IrSi film formed at 450 oc 
displaying continuous film growth across the Si(lll) surface. 

Figure 4.29 Transmission electron micrograph of a 275 A Ir3Si5 film formed at 550 oc 
showing continuous film growth across the Si(lll) surface. The brighter region in the upper 
left corner suggests thinner film growth in this area. 
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annealed reactions. For slightly higher annealing temperatures of 550 °C, where IrjSij 

silicide films form, the relative rms roughness of the films is essentially constant with respect 

to film thickness. A 550 A IrjSij film (200 A Ir) had an rms roughness of ~ 90 A whereas 

a 275 A IrjSij film had a slightly higher relative value of ~ 75 A. Figure 4.29 shows a 

transmission electron micrograph displaying the continuous growth observed for IrjSis films 

formed at 550 °C. A 275 A IrsSi, film formed at 750 °C for one hour had a similar rms 

roughness as that of the lower temperature Ir3Si5 films, except I observed some rather thin 

areas in the coverage suggesting the possibility of some islanding occurring at this 

temperature. Complete islanding of the IrjSij crystallites occurs at annealing temperatures 

of 950 °C as shown by the electron micrograph of Figure 4.30. It is clearly seen that the 

IrjSij consists of long interconnecting chains of crystallites with large areas of the substrate 

void of silicide coverage. Complete islanding of Ir3Si5 films was not observed in previous 

studies of annealed 300 A Ir samples deposited under high vacuum conditions and processed 

by ex-situ furnace annealing." In these studies, complete islanding of silicide films was only 

observed with the formation of IrSij above 1000 °C. 
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Figure 4.30 Transmission electron micrograph of a 100 A Ir film annealed at 950 oc 
showing complete islanding of Ir3Si5 at this annealing temperature. 

4.31d Summary of annealed Ir films 

In summary, I found that annealing Ir films on Si substrates at 350 oc was 

inadequate to form complete silicide films for annealing times of one hour. At slightly 

higher temperatures of approximately 450 °C, nearly-pure IrSi films are formed. The IrSi 

films are polycrystalline on both Si(l 00) and Si(lll) and grow with continuous coverage of 

the substrate. By increasing the temperature to 550 oc, a completely different silicide phase, 

Ir3Si5, is formed in the annealed reactions. Similar to IrSi films, Ir3Si5 films formed at 550 

oc are polycrystalline on both Si(l 00) and Si(lll) and grow in a continuous fashion. 
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However, total islanding of the IisSij films is found for aimeaiing temperatures greater than 

750 "C. The relatively abrupt change in silicide growth with only a 100 "C difference in 

annealing temperature suggests that control of this parameter is essential in forming nearly 

single-phase films by this technique. In addition, the complete islanding of the IrjSis silicide 

films at the highest aimeaiing temperatures dictates that these fihns should be formed at 

temperatures lower than 750 °C to assure continuous film growth. The ability to form nearly 

single phase and continuous films using this technique is desirable for IR detector 

applications. Furthermore, the simplicity in the process should provide higher 

reproducibility as compared with codeposition techniques where the rates must be fairly well 

controlled. The results of my electrical and optical measurements on IrSi and Ir3Si5 films 

formed by armealed Ir reactions are presented in Chapter 5. 

4.32 Ir films deposited on hot substrates 

The higher energetics of a hot Si substrate provide a different growth environment 

than that of an Ir film deposited at room temperatvire and subsequently annealed. In many 

cases of film growth, increased energetics leads to epitaxial crystallite formation such as that 

observed in the codeposited IrjSi^ and IrSij films discussed is sections 4.1 and 4.2. In 

addition, in 1987 Pellegrini et al. reported multiple slopes in Fowler plots for Ir films 

deposited on hot substrates.-® They suggested the possibility of multiple phase growth in 

their films as an explanation for the anomalies in the data. However, the effects of hot 

substrate Ir depositions on iridium silicide grov^ and phase formation have not been 
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addressed in great detail in the literature, and were therefore worth investigation. 

I studied the silicide phase growth for Ir films deposited onto hot Si( 100) and Si( 111) 

substrates at deposition temperatures of400 ° C, 500 °C and 600 °C. The Ir was deposited 

at a nominal deposition rate of 0.12 A/sec. Upon completion of the depositions, no further 

annealing of the silicide films was attempted. In the following sections, I report on my 

results of Ir film depositions on hot silicon substrates. 

4.32a Formation of IrSi 

X-ray diffraction showed that the predominant silicide phase formed by Ir deposited 

on Si(l 11) at 400 °C was IrSi. Figure 4.31 shows the Seemann-Bohlin x-ray spectra from 

a 50 A Ir film deposited on Si(l 11) at 400 °C. The majority of peaks found in the spectra 

are consistent with those of IrSi having the largest structure factors. Unfortunately, the 

Seemann-Bohlin spectrum for a 50 A Ir deposition on Si(lOO) at 400 °C showed broad, low 

intensity peaks which I was unable to clearly associate with one particular phase. 

Transmission electron diffraction shows that Ir films deposited at 400 °C form 

polycrystalline IrSi growth. Figure 4.32 shows the electron diffraction pattern from a 50 A 

Ir deposition on Si(l 11). The film clearly displays polycrystalline growth as shown by the 

concentric rings in the pattern. I find the polycrystalline rings to be consistent with the 

formation of IrSi. A smnmary of the planar spacings derived from the pattern are given in 

Table 4.8. In contrast, there was evidence of highly oriented growth occurring in silicide 

films formed by Ir depositions on Si(lOO) at 400 "C. Figure 4.33 shows the 
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Figure 4.31 Seemann-Bohlin x-ray diffraction spectrum of a 50 A Ir film deposited on 
Si(111) at 400 oc showing the formation of predominantly IrSi growth in the film. 

electron diffraction pattern from a 50 A Ir deposition on Si(1 00) at 400 °C. As clearly 

shown in the figure, dark spots from oriented growth are found in addition to rings from less 

oriented, polycrystalline IrSi growth. The diffraction spots are consistent with the Ir3Si4 

Mode C epitaxial growth discussed in Section 4.22. The formation of Ir3Si4 crystallite 

growth in the Si( 1 00) sample is not surprising since it is found to dominate the growth of 

silicide films formed at 500 oc, as discussed below. 
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Figure 4.32 Transmission electron diffraction pattern from a 50 A Ir deposition on Si(lll) 
at 400 oc displaying rings consistent with IrSi crystallite growth. 

Figure 4.33 Transmission electron diffraction pattern from a 50 AIr deposition on Si(l 00) 
showing polycrystalline IrSi formation and diffraction spots consistent with Ir3Si4 epitaxial 
growth. 



Seemann-Bohlin 
X-rayDiffraction 

' (a) 

Electron 
Diffraction 

IrSi bulk d-spacings 
and planar inde.x 

(a) 

— 6.27 A 6.267 (001) 

— 4.15 A 4.158 A (101) 

3.16 A 3.134 A (002) 

2.91 A 2.96 A 2.865 A ( O i l )  

2.77 A 2.77 A 2.779 A (200) 

2.55 A 2.60 A 2.568 A (111) 

2.30 A 

2.08 A 2.11 A 2.079-2.083 A (202),(112) 

1.99 A 2.01 A 1.995 A (211) 

— 1.94 A 1.956 A (103) 

— 1.76 A 1.753 A (013) 

— 1.67 A 1.610 A (020) 

a) corrected by calibration scan 
b) IrSi orthorombic structure . a = 5.558 A. b = 3.221 A and c = 6.267 A 

Table 4.8 A summan' of d-spacings derived from Seemann-Bohling x-ray diffraction 
transmission electron diffraction for a 50 A Ir film deposited on Si( 111) at 400 °C 
comparison with bulk IrSi planar spacings. 
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Figure 4.34 RHEED pattern from 100 AIr deposition on Si(l 00) at 500 °C. 

4.32b lr3Si4 epitaxial growth on Si(lOO) 

Ir films deposited on hot Si(l 00) substrates at 500 oc show clear indications of 

oriented growth due to the formation of streaks in their RHEED patterns. Figure 4.34 shows 

the RHEED pattern from a 100 AIr film deposited at 500 °C. The oriented growth displays 

four-fold symmetry with the Si(1 00) surface as indicated by the repetitive formation of the 

streak patterns with a 90 degree rotation of the substrate. The RHEED patterns are found to 

be consistent with those observed for the Ir3Si4 codeposited films on hot Si(l 00) discussed 

in section 4.22. 

Ir films deposited on Si(1 00) substrates at 500 oc form nearly pure Ir3Si4 films . 

Figure 4.35 shows the Seemann-Bohlin x-ray diffraction spectrum from a 100 A Ir 
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deposition on Si(lOO). The peaks observed in the spectrum are clearly consistent with the 

growth of Ir3Si4, as similarly observed for the codeposited ^3814 films exhibiting highly 

oriented growth discussed in section 4.22. In addition, the peaks observed in the Bragg-

Brentano x-ray diffiraction spectrum firom this film are found to be consistent with Ir3Si4 

growth. A summary of the peaks observed in the x-ray diffraction spectra are given in Table 

4.9. There was no clear indication for the formation of other silicide phases in these films. 

(202).(601) 
40 

(401) T  ̂= 5C0°C 

0 
15 20 

(0) Degrees 
25 

Figure 4.35 Seemann-Bohlin x-ray diffraction spectrum from a ICQ A Ir deposition on 
Si(lOO) at 500 °C. The peaks in the spectra are consistent with Ir3Si4 crystallite growth. 
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Seemann-Bohlin 
Xray Diffraction 

(a) 

Bragg-Brentano 
X-ray Diflfraction 

Electron 
Diffraction 

Ir]Si4 bulk d-spacings 
and planar index 

(b) 

... 9.7 A 9.437 A (200) 

5.54 A 5.519 A (101) 

3.69 A 3.664 A 3.65 A 3.653 A (401) 

3.14 A 3.145-3.159 A (600), (501) 

3.07 A 3.072-3.1 13A (11I),(011) 

2.89 A 2.885 A (002) 

? 2.843 A 2.79 A» 2.852 A (102)* 

2.787 A 2.765 A 2.759-2.762 A (202), (601) 

2.479 A 2.468 A 2.45 A* 2.462 A (402)* 

2.422 A 
2.38 A 

2.396-2.402 A {610),(5il) 

2.366 A 
2.38 A 

2.359 A (800) 

2.21 A* 2.212 A (112)* 

2.128 A 2.12 A 2.127 A (602) 

2.02 A* 2.049 A (412)* 

1.99 A 1.97 A 1.970-1.989 A (702),(810) 

1.857 A 1.844 A 1.83 A 1.848 (020) 

— 1.78 A 1.794 A (10,01) 

a) corrected by calibration scans 
b) IrjSi^ orthorombic structure, a = 18.874 A, b = 3.698 A and c = 5.772 A 

• associated with Ir3Si4 epita.xy in TED pattern 

Table 4.9 A summary of d-spacings from x-ray diffraction and transmission electron 
diffraction of a 100 A Ir film deposited at 500 °C on Si(lOO) in comparison with bulk IrjSi^ 
planar spacings. 
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Transmission electron diffraction confirms that the Ir3Si4 fihns formed by Ir 

depositions at 500 °C contain epitaxial Ir3Si4 growth. The electron diffraction pattern in 

Figure 4.36 from a 50 A fr deposition clearly shows the formation of the Ir3Si4 Mode A and 

C localized epitaxial growth modes on Si(lOO) as described in section 4.22. As the figure 

shows, the diffraction spots observed from this 50 A Ir (-120 A fr3Si4) deposition are very 

sharp mdicating a high registry with the Si surface. The pattern from a 100 A Ir deposition 

also displayed similar Ir3Si4 epitaxial growth. A summary of d-spacings derived from the 

electron diffraction patterns of the Ir fihns deposited at 500 °C is given in Table 4.9, showing 

high consistency with Ir3Si4 growth. No clear indications for the growth of other silicide 

phases is observed in the patterns. Chung et al. reported on Ir3Si4 epitaxial growth for 475 

°C Ir depositions on Si(lOO), where they annealed their films after deposition for 1.5 hours 

and showed well defined Ir3Si4 diffraction patterns.^' The results of Chung's study suggests 

that the lr3Si4 epitaxial growth on Si(lOO) is stable and does not disassociate at its formation 

temperature upon further annealing into other silicide phases. The results of my study on 

codeposited Ir3Si4 films (section 4.21) further suggests that Ir3Si4 is stable up to annealing 

temperatures of ~550 "C. 
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Figure 4.36 Transmission electron diffraction pattern of a 50 AIr film deposited on Si(l 00) 
at 500 oc displaying Mode A and Mode C lr3Si4 epitaxial growth. 

4.32b lr3Si4 epitaxial growth on Si(lll) 

Ir films deposited on Si(l11) at 500 oc also show evidence of oriented growth in the 

silicide films by the formation of streaks in their RHEED patterns. Figure 4.37 shows the 

RHEED pattern from a 100 A Ir deposition at 500 °C. The formation of rings observed 

along with the streaks in the pattern indicates both highly oriented and polycrystalline growth 

in the film. The repetitious formation of the streak pattern with a 60 degree rotation of the 

substrate indicated a six-fold symmetry of the oriented portion of the film on the Si(l11) 

surface. 
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Figure 4.37 RHEED pattern from 100 AIr deposition on Si(111) at 500 oc showing faint 
streaks and polycrystalline rings. 

Seemann-Bohlin x-ray diffraction of the 50 A Ir films deposited at 500 oc show 

predominantly one large peak in their spectra at ~ 14.2 degrees which made it rather 

ambiguous to determine which silicide phase was forming in these depositions. However, 

Bragg-Brentano x-ray diffraction showed the formation of two peaks located at 2-8 positions 

of ~38.1 o and ~69.8° in the spectra as shown in Figure 4.38. The presence of these 

diffraction peaks in only the Bragg-Brentano spectra indicated that they were due to oriented 

growth in the film. From the localized epitaxial growth identified in the electron diffraction 

patterns discussed below, I determined that these peaks were from the Ir3Sii800) and 

Ir3Sii14,00) planes. In addition, the lack of other peaks in the Bragg-Brentano spectra from 

the Ir3Siln,OO) planes expected for this oriented growth is explained by their low structure 

factors. For a 100 AIr film deposited at 500 oc, other peaks observed in both the Seemann-

Bohlin and Bragg-Brentano spectrum indicate the formation ofir3Si5 along with the oriented 

lr3Si4 growth at this deposition temperature. 
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Figure 4.38 Bragg-Brentano spectrum from a 50 AIr film deposited at 500 °C. The peaks 
observed in the spectrum result from highly-oriented Ir3Si4 crystallite growth. 

The transmission electron diffraction pattern in Figure 4.39 displays the highly 

oriented Ir3Si4 crystallite growth formed by depositing Ir on Si(lll) at 500 °C. These 

relatively sharp diffraction spots observed in the pattern are due to localized epitaxial growth 

of Ir3Si4 crystallites on the Si(lll) surface having a three fold degeneracy. I label these 

epitaxial growth modes, Ir3Si4 Mode D, D', and D" as follows: 

ModeD 

ModeD' 

Mode D" 

In the accompanying figure, I show the registry of the Ir3Si4 Mode D epitaxial growth with 

the Si(lll) surface. The two other growth modes identified in the electron diffraction pattern 
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are simply found by 60 and 120 degree rotations of the lr3Si4 crystallites on the Si(lll) 

surface, which when added together complete the pattern observed in Figure 4.39. Also, the 

lr3Si4 epitaxial growth is consistent with the RHEED patterns observed on these films due 

to the degeneracy on the Si(lll) surface. Mode D epitaxial growth establishes the 

lr3Siil 00) plane parallel to Si(lll) surface and is consistent with the diffraction peaks of the 

lr3Si4(800) and lr3Si4(14,00) planes observed in the Bragg-Brentano spectra of these films. 

To my knowledge, this is the first reported growth of lr3Si4 on Si(lll) substrates. The 

electron diffraction patterns display both this highly oriented lr3Si4 epitaxial growth as well 

as a large number of spots also consistent with the growth of lr3Si5 as presented in Table 

4.1 0. This further suggests the growth of both lr3Si4 and lr3Si5 for Ir films deposited on 

Si(lll) at 500 °C. The formation of significant amounts of Ir3Si5 for Ir depositions on 

Si(lll) contrasts somewhat with the results of Ir films deposited on Si(l 00) substrates at 

0 Si 
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3
si

4 •co13) • (013) 

0 D --
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(002) 

• 
(011. • (011) 

(o2o)•Dsi{220) 0 (000) Si(22DP• (020) 

(011~ • (01 1) 

• -
(002) 

Si§02) Si~22) 

•co13) • (013) 

Figure 4.39 Transmission electron diffraction pattern from a 50 A Ir deposition on Si( Ill ) 
showing Mode D lr3Si4 epitaxial growth. Indexing of the Ir3Si4 crystallites with the Si( 111 ) 
surface is shown in the accompanying figure. 
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Electron 
Diffraction 

IrjSi^ bulk d-spacings 
and planar index 

(a) 

IrjSi, bulk d-spacings 
and planar index 

(b).(c) 

14.1 A 14.16 A (010) 

7.1 A 7.081 A (020) 

5.32 A 5.306 A (110) 

4.84 A 4.924 A (201) 4.843-4.849A (112),(012) 

3.49 A 3.433 A (210) 3.481-3.540 A (132),(032),(040) 

3.20 A 3.159 A (501) 

•c 00 7
 

vo 

(131),(202),(102) 

3.09 A 3.114 A (Oil)* * * 

2.90 A 2.885 A (002)* * * 

2.59 A 2.599 A (411) 2.588-2.618 A (15T),(14J),(23T) 

2.49 A 2.462 A (402) 2.447-2.483 A (230),(2ll),(ll3) 
(043),(152),(052) 

2.14 A 2.139 A (312) 2.127 A (302) 

2.08 A 2.049 A (412) 2.067-2.097 A (13F),(242),(044) 
(31I),(312) 

2.03 A 2.038 A (711) 2.035-2.040 A (104),(322),(222) 
(143) 

1.84 A 1.849 A (020)* * * 

1.71 A 1.707 A (013)* * * 

a) IrjSi4 orthorombic structure, a = 18.874 A, b = 3.698 A and c = 5.772 A 
b) IrjSis monoclinic structure , a = 6.406 A, b = 14.162 A ,c = 11.553 A and P = 116.69° 
c) index up to (hkl) = (555) only, some equivalent d-spacing variations on indexing not given 

* epitaxial IrjSij Mode D 

Table 4.10 A summary of d-spacings derived from the transmission electron diffraction 
pattern of a ICQ A Ir film deposited at 500 °C on Si(l 11). Bulk IrjSij and Ir3Si4 planar 
spacings are provided for comparison to the experimental values. 
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500 °C, where no clear evidence of kjSij was observed. 

432c Fonnation of IrjSis 

Silicide films formed by Ir deposited on Si(lOO) and Si(l 11) substrates at 600 °C 

consist primarily of ksSij. Figure 4.40 shows the Seemann Bohlin spectra from 100 A Ir 

depositions on Si(lOO) and Si(l 11) at 600 °C. In both cases, the data indicates the most 

likely phase formed in these reactions is IrjSij. The peak positions are found consistent with 

those from the frsSij phase having the largest structure factors (Appendix A). However, the 

relative intensity of the peaks on both substrate orientations are clearly different from each 

other as well as those found for the completely polycrystalline IrjSis films discussed in 

Section 4.31b. These differences suggest more highly oriented growth of the IrjSi, 

crystallites occurs in these reactions. The Bragg-Brentano spectrum from the Si(IOO) sample 

shows predominantly the same peaks as those observed for IrjSis films formed by annealed 

Ir reactions. Furthermore, the absence of the characteristic Ir3Si4(n,00) peaks in the Si( 111) 

sample, observed in the 500 °C films, suggests that Mode D ^3814 epitaxial growth does not 

occur in 600 °C depositions. 

The transmission electron diffraction patterns from 600 °C depositions displayed 

spots in their patterns confirming some ordering of the ^3815 crystallites in these films. 

Figure 4.41 shows the electron diffraction pattern from a 100 A Ir deposition on 81(1 II). 

The figure clearly shows well defined spots indicating some oriented growth. However, the 

Ir38i4 Mode D epitaxial growth mode, observed in the 500 °C depositions, is clearly not 

present in the 600 °C samples. 
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Figure 4.40 Seemann-Bohlin x-ray diffraction spectra from 100 AIr depositions on Si(l 00) 
(lower) and Si(l11) (upper) showing peaks consistent with Ir3Si5 crystallite growth. 

Figure 4.41 Transmission electron diffraction pattern from a 100 AIr deposition on Si( 111 ) 
at 600 oc showing spots from oriented growth oflr3Si5 crystallites. 
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I find the d-spacings of the spots and rings observed firom the Si(l 11) sample to be consistent 

with IrjSij growth in these fihns. However, I have been iinable to determine any unique 

registry of the IrjSis crystallites with the Si(l 11) surface from the pattern. Finally, I did not 

observe the Ir3Si4 Mode A,B, and C epitaxial growth modes found for the 500 °C depositions 

on Si(100)at600 °C. 

4.32d Surface morphology of silicide films formed by hot Ir depositions 

I studied the surface morphology of the silicide films formed by depositions of Ir on 

hot substrates using atomic force microscopy and transmission electron microscopy. The 

predominantly IrSi films formed by depositions at --400 °C are found to be relatively 

smooth, and compare favorably with the IrSi films formed by annealed Ir reactions of 

Section 4.31 c. The measured rms roughness values were on the order of 15% of the 

expected IrSi thickness. Transmission electron microscopy found the films formed at 400 

°C to be continuous with no signs of islanding over the observed area. At higher deposition 

temperatures of 500 °C, where IrjSi^ film growth occurs, the surface roughness is still on the 

order of -15 % of the film thickness. Ir3Si4 films formed by hot Ir depositions are 

significantly rougher than Ir3Si4 films formed by codeposition on hot substrates (Section 

4.23) , where the surface roughness was found to be essentially independent of film 

thickness. In addition, transmission electron microscopy clearly shows pinholes 

approximately 50-100 A in diameter in the ~ 120 A Ir3Si4 films (50 A Ir) formed at 500 °C. 

However, the thicker -240 A Ir3Si4 films show no evidence of pinhole formation. Finally. 
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the predominantly Ir3Si5 films formed at 600 oc were found to be slightly different on the 

two orientations with the film on Si(l 00) being smoother than that of Si(111 ). Figure 4.42 

shows a transmission electron micrograph from a 100 AIr deposition at 600 °C. The image 

clearly shows the increased pinholes of up to 1000 A in diameter found in the Ir3Si5 films. 

Figure 4.42 Transmission electron micrograph of a 100 A Ir film deposited on Si(111) at 
600 oc showing pinholes up to 1 000 A in diameter. 

4.33 Summary of silicide films formed by hot Ir depositions on Si substrates 

In summary, I found that Ir films deposited on hot silicon substrates at 400 o C form 

predominantly continuous polycrystalline films consisting of IrSi. However, some evidence 

of Ir3Si4 observed in the Si(l 00) sample clearly suggests the possibility of multiple phase 

growth in these films. With an increase in deposition temperature to 500 °C, I found the 

silicide films largely consist of epitaxial Ir3Si4 crystallite growth. The Ir3Si4 films on Si(l 00) 
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are found to be epitaxial, with the 113814 Mode A3, and C epitaxial orientations present in 

the films. In addition, I identified an ^3814 epitaxial growth orientation on Si(l 11), which 

I call Mode D, for depositions at 500 °C. Phase impurities in the Si(ll 1) samples deposited 

at 500 °C, consistent with Ir38i5 growth, again reveal that multiple phase growth can occur 

at this temperature. At 600 °C, the silicide films consist of predominantly Ir38i5. Pinholes 

in the silicide films were observed at 500 °C and 600 °C. The abrupt changes in phase 

formation observed over only a 200 °C temperature range suggests that control of this 

parameter in hot Ir depositions is extremely crucial in forming single-phase silicide films. 

The suspicions of Pellegrini et al.-® about nonuniformities in photoresponse fi-om multiple 

phase growth in their samples has clearly been demonstrated as a possibility ft-om the results 

of my study. Multiple phase growth films are not desirable for detector applications, where 

variations in barrier heights of the phases may lead to large non-uniformities in 

photoresponse and dark current in a FPA device. In addition, the formation of epitaxial 

Ir3Si4 crystallites may also lead to non-uniformities in photoresponse by possible barrier 

height variations with epitaxial orientation as in the case ofNiSi, epitaxial films on Si(l 11). 

The pinholing found in the films at temperatures above 500 "C should pose no significant 

problems in detector applications due to their inherently small size. However, thinner 

silicide films formed by hot Ir depositions may lead to larger pinholes or islanding that could 

deteriorate detector performance through increasing leakage currents and lower photon 

capture efficiency. My measurements of the optical properties from films on Si(lOO) are 

presented in chapter 5. 
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CHAPTERS 
Electrical and Optical Characterization of Iridium Silicides 

5.1 Resistivity measurements on silicide films 

I measured the resistivity of IrSis Ir3Si4, IrSi, and IrjSis films using the van 

der Pauw four-probe technique m order to establish their material classification (i.e. metallic, 

semiconducting). To make these measurements, the samples were moimted in a dual-stage, 

compressed He cryogenic cooler using GE varnish, which is electrically insulating while 

being a good thermal conductor. In addition, a small piece of cigarette paper was introduced 

between the sample and the stage to assure electrical isolation. The sample temperature was 

monitored using a calibrated diode in thermal contact with the stage. A dc current of ~ 1 mA 

was used for obtaining the resistivity values, where the voltage was measured using a 

nanovolt meter. A small dab of silver paint was used to contact 40 guage Cu wire to the 

samples for the measurements. 

The van der Pauw four-probe technique is a useful method for measuring film 

resistivities since it does not require a specially designed sample geometry. A complete 

theoretical analysis of this technique is found in the references.^-" The requirements for the 

measurement are: 1) the film be continuous; 2) the four contacts be placed at the edge of the 

sample; 3) the contacts be rather small in comparison to the film area measured. The four 

contacts, A-D, are made at the periphery of the sample as shown in Figure 5.1. A current is 

introduced through contacts A and B (Iab)> and the voltage is measured at contacts C and D 
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(VCD)- The ratio of VQ, to I^B will give a resistance which I will define as RAB.CD- The 

current is then introduced at contacts B and C (IBC) ^nd the voltage measured at contacts D 

and A (Vqa) providing a corresponding resistance of Rbc^d- Following the analysis of van 

der Pauw, the resistivity of the film, p, is given by the following 

£ _ ^^AB,CD ^BCJ3A^ 
d ln2 2 

where d is the film thickness, andy(R) satisfies the relationship 

5.1 

ln2 

^AB.CD ~ ^BCJJA f I./-® ^ = -^arccosh( ) . 
+ R.r-r.. In2 2 AB.CD BCJDA 

5.2 

y{R) is used to correct for the geometry of the sample being measured, where Rab.cd 

Rbcjja would be equivalent for a perfectly symmetric measurement. From equation 5.1, the 

resistivity of the sample is then determined. 

/ ° 
v •y V; 

B 

Silidde 

Si substrate 

Figure 5.1 Schematic of contact arrangement used 
in four probe resistivity measurements. 
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The silicide films in this study were formed on doped p-type Si substrates 

approximately 0.38 mm thick. Extrinsic Si substrates have a temperature dependent 

resistivity which must be taken into account in the measurements of these films. To account 

for this, I model the silicide/Si sample as a parallel combination of two resistors, where Rf 

is the resistance of the silicide film and R, is the resistance of the Si. The measured 

resistance, R„, is then given by the well-known relationship 

R, R 
R„ = ^ ' . 5.3 

However, firom equation 5.1 a combination of resistivity and thickness fi-om both the silicide 

film and substrate is derived which I define as (p/d)„, having the units of resistance. By 

rewriting equation 5.3,1 estimate the resistivity of the film as follows: 

p . P/ = d, d.4 

'«- '5'-

where the subscript s refers to the silicon substrate and the subscript/refers to the silicide 

film. 

As mentioned above, the Si substrate has a temperature dependent resistivity. For 

a moderately doped p-type Si substrate, the resistivity is primarily due to the conduction of 

holes given by 
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^ rr! rT, ^.5 9 PiT) n^(r) 

where q is the charge of the electron, p is the number of free hole carriers in the valence 

band, and |ip is the hole mobility in the Si. The temperatxire dependence of the mobility and 

hole concentration in the valence band causes a change in resistivity as a function of 

temperature. In Si, the presence of acoustic phonons and ionized impurities result in carrier 

scattering which affects the mobility as a fiinction of temperature. For very pure p-type Si 

substrates (doping of ^ 10'- cm'^), the mobility of holes has been determined to be 

proportional to ~T'" over a temperature range of approximately 100-300 K. However, the 

additional scattering in higher doped Si substrates causes a somewhat lower dependence on 

temperature.' Below ~80 K, the mobility begins to change its ftinctional dependence and 

begins to decrease with decreasing temperature. In addition to the mobility temperature 

dependence, the carrier concentration in the valence band is also a ftmction of temperature. 

For moderately doped Si at relatively high temperatures (>600 K), the carrier concentration 

in the valence band is due primarily to intrinsic carriers of the Si. At temperatures between 

~ 150-300 K, the carrier concentration can be approximated by the doping density, N^, of the 

Si where the majority of the acceptor atoms are ionized and the intrinsic carrier concentration 

is insignificant in compari.son. As the Si temperature is decreased, the number of thermally 

ionized carriers from the dopant atoms decreases rapidly in a process referred to as carrier 

freeze-out. At temperatures lower than ~1 OOK, the resistivity of the Si will increase from the 

combined effects of both carrier freeze-out and the decreasing temperature dependence of 

y 
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the mobility. Therefore, the resistance of a doped Si wafer will initially drop from its room 

temperature value as the temperature is lowered. At temperatures approaching-lOOK, the 

resistance of the Si is expected to increase. Finally, at extremely low temperatures (~10 K) 

the resistance of the substrate should be extremely high in comparison to its room 

temperature value, primarily due to freeze-out of the ionized carriers. 
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Figure 5.2 Relative resistivity of 450 A IrSi3 film on p-type 
Si(IOO) substrate as a function of sample temperature. 

5.11 Resistivity of IrSij 

Resistivity measurements indicated that the IrSi3 films are metallic. Figure 5.2 shows 

the measured resistance as a function of temperature for a ~450 A IrSi3 film codeposited at 

450 °C. The film was found to be polycrystalline and consist of nearly pure IrSis crystallite 

growth as discussed in section 3.1. As is clearly seen by the figure, the resistance of the 
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IrSi/Si sample decreases as the temperature is initially lowered from room temperature. An 

inflection in the resistivity occurs between 100 and 145 Kelvin, consistent with the onset of 

carrier freeze-out in the substrate, where an increase in the measured resistance is apparent. 

As the temperature is further decreased down to ~ 10 Kelvin, the leveling out of the data is 

consistent with the resistivity of the film again dominating the conduction in the sample as 

the thermally induced carriers in the Si substrate continue to freeze-out. By substitution of 

the measured Si substrate values (p = 16 0-cm, d = 0.38 em) into equation 5.4, the 

resistivity of the IrSi3 film is found to be ~440 (± 20) J.!O-cm. With the assumption of a 

negligible substrate contribution (Ps z oo), the resistivity of the film is found to be ~380 (± 

20) J.!O-cm at 10 K. The observed lowering in the measured data of figure 5.2 is therefore 

believed to be almost entirely due to the decreasing resistance of the Si substrate, where the 

room temperature ratio of the Si/IrSi3 resistance was ~ 0.23. The lowering of the film 

resistivity at 10 K with respect to 
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Figure 5.3 Relative resistivity of 480 A lr3Si4 films on p
type Si(l 00) substrates as a function of sample temperature. 
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that at room temperature indicates a metallic behavior of the material. The resistivity value 

found at room temperature is in fair agreement with the results of White and Hockings who 

measured the room temperature resistivity of IrSij at 300 K to be -500 ^Q-cm and a value 

at 500 K of -700 |iQ-cm.®' The observed lowering of resistivity with decreasing temperature 

in their measurements is also consistent with the metallic behavior of IrSij. 

5.12 Resistivity of Ir3Si4 

Codeposited IrjSi, films have a much lower resistivity than those of codeposited IrS| 

films. Figure 5.3 shows the measured resistance of two IrjSi^Si samples, approximately 480 

A in thickness, formed by two different formation techniques. The annealed IrjSi^ film 

(upper curve) was formed by room temperature codeposition and subsequent annealing 

(Section 4.21), whereas the other as-deposited sample (lower curve) was formed by 

codeposition onto a hot substrate (Section 4.22). The Si substrates used for these depositions 

were measured to have a resistivity of - 30 Q-cm and were approximately 0.38 mm thick. 

This yields a room temperature resistivity for the annealed Ir3Si4 film of- 61 (±3) [iQ-cm. 

Correspondingly, the resistivity of the as-deposited lr3Si4 film was found to be -57 (± 3) fiQ-

cm at room temperature. These calculated values are considerably lower than those of the 

IrSij film discussed above. At -10 K, again assuming no substrate contribution to the 

measured resistance, the resistivity of the films were calculated to be - 30 (± 2) |iQ-cm and 

-28 (± 2) |iQ-cm for the annealed and hot deposition, respectively. In Figure 5.3. there is 

only a very small inflection observed in the data around -100 K in comparison to that 
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observed for the IrSi3 film. This is consistent with the very low resistivity of the Ir3Si4 films 

in comparison to that of the Si substrate, where the room temperature ratio of the Si:Ir3Si4 

resistance is calculated to be ~0.015. Therefore, the temperature dependence of the 

resistivity is primarily due to the lr3Si4 films in these measurements. The lower resistivity 

calculated at~ 10 K with respect to that at room temperature indicates that the Ir3Si4 silicide 

phase is also metallic. The results of these MBE codeposited films is similar to values found 

by Allevato et al.74 for Ir3Si4, where they report a room temperature value of~ 60 1-10-cm. 

They also measured an increasing resistance at elevated temperatures consistent with the 

metallic properties of this material. 
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Figure 5.4 Relative resistivity of 400 A IrSi film on p-type 
Si(l 00) substrate as a function of sample temperature. 
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5.13 Resistivity of IrSi 

IrSi films are also metallic, but with a slightly higher resistivity than that of IrjSij. 

Figure 5.4 shows the measured resistance of an IrSi/Si sample as a fiinction of temperature. 

The IrSi film is estimated to be -400 A in thickness and was formed by deposition of-200 

A of Ir on a room temperature substrate with subsequent annealing to 450 "C. In Figure 5.4, 

the observed carrier fireeze-out of the Si substrate is even more apparent than in the case of 

the IrSi3 fihn, where the measured resistance of the sample initially increases at -100 K. and 

then begins to decrease where the silicide film is believed to be again dominating conduction 

in the sample. The resistivity of the Si substrate is found to be 16 Q-cm and was 0.38 mm 

thick. Substitution of the appropriate values into equation 5.4 gives a room temperature 

resistivity for the IrSi film of -222 (± 12) |iQ-cm. The value measured at -10 K was 

calculated to be -124 (± 6) |iQ-cm, assuming no substrate contribution in the measurement. 

The -222 ^iQ-cm value is in good agreement with that found by Weiss et al. for IrSi films 

formed by slighdy Ir rich (55/45) 1700 A codepositions on oxidized Si wafers, where they 

determined a room temperature resistivity of - 218 [xQ-cm.'' I estimated a resistivity value 

of-350 |iQ-cm measured at -400 °C fi'om their reported observations again suggesting the 

metallic nature of the IrSi phase. 

5.14 Resistivity of IrjSij 

Measurements on IrjSij films, formed by armealing ICQ A Ir depositions at -550 °C. 

suggest the resistivity of this material at room temperature is extremely high in comparison 
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to the IrSis, Ir3Si4 and IrSi films discussed above. The ~275 A ItsSij samples formed on -2.5 

Q-cm p-t3T)e Si substrates displayed nearly identical resistivity to that of the bare Si. From 

this information, I determined the resistivity of these IrjSis films is very high in comparison 

to the other iridium silicide films measured. The high resistivity of Ir3Si5 indicated by my 

measurements suggests this material will most likely exhibit semi-metallic or 

semiconducting properties. Ir3Si5 has been determined by other researchers to be a 

semiconducting silicide, where papers may refer to this phase as IrSi, 75, IrSi^, or Ir2Si3 

(published before the IrjSij silicide phase was identified in 1987). The room temperature 

resistivity values reported of-0.2 Q-cm by Allevato et al. (ref) and >1 Q-cm by Peterson et 

al.^® are consistent with a semiconductor material. The high resistivity values indicated by 

their data explains the lack of any noticeable difference between the measured Si substrates 

and the ksSij/Si samples observed in my measurements. 

5.15 Summary of Resistivity measurements 

The temperature dependent resistivity of the IrSi, Ir3Si4, and IrSis films suggests they 

have a metallic nature as evidenced by the lowering in the measured resistivity with 

decreasing temperature This implies that the formulations of Schottky-barrier theory, 

derived for the case of metal/semiconductor contacts (Section 1.4), should apply for 

measurements on these film types. In addition, the relatively low values of resistivity (- 60 

|iQ-cm) found for Ir3Si4 films may be of interest for use in electronic device applications, 

where low resistivity is a desired property in the fabrication of integrated circuits.^^ 
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However, the high resistivity indicated for frjSis suggests a possible semiconducting nature 

of these films, in accordance with the findings of other researchers. Therefore, the standard 

Schottky-barrier formulations may only be appropriate if IrjSij has the properties of a 

degenerate or very heavily-doped semiconductor. My films were formed by reaction with 

a boron doped Si substrate, where the boron atoms may be acting as a dopant for the IrjSi; 

films. The results of Wittmer et al., who studies suggest the fermi level of this material is 

close to the valence band edge, suggest a material similar to a highly doped p-type 

semiconductor."'^ Peterson et al. calculated the carrier concentration at room temperature 

to be ~5xl0'' also indicating the properties of a heavily doped p-type semiconductor. 

Therefore, it is not clear this material will behave as a typical metal/semiconductor contact. 

5.2 Characterization of iridium silicides as infrared detectors 

Diodes to characterize the iridium silicides as infrared detectors were fabricated by 

two methods in my study. Initially, I formed diodes consisting of the Ir^Sij. silicide 

compounds using a molybdenum shadow mask to determine their potential as infrared 

photodetectors. The shadow mask consisted of a 5x5 array of ~l .6 mm diameter holes for 

the diodes in addition to a large open area in the center of the mask. The open central region 

of the mask allowed for in-situ RHEED and LEED analysis as well as analysis of the silicide 

film formation by ex-situ diffraction techniques. The process I followed in fabricating the 

devices consisted of first cleaning the substrates using a 3% HF cleaning procedure for 

removal of the residual oxide (Section 2.2). The cleaned silicon substrates were then 
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carefully set on top of the shadow mask, locked into position with a retaining ring, and 

immediately placed into the introduction chamber of the MBE and put under vacuum. In 

addition, each of the substrates was heated in situ prior to fikn formation, where observation 

of a Si reconstruction pattem (^730 "C for Si(l 11) 7>«7 and ^500 °C for Si(lOO) 2x1) in 

RHEED further verified that the surface was relatively firee of oxide and surface 

contamination. I then formed the silicide films using the procedures described in Chapter 

4. After film formation, the samples were allowed to return to ambient temperature. In most 

cases (an exception was ex-situ evaporation of Al), a thick layer (-500 A) of Au or Ag was 

deposited in situ onto the 5x5 array to make contacts to the diodes, where the large central 

region for material characterization was covered with a shutter assembly. After contact 

deposition, the samples were removed fi-om the chamber for analysis and measurement. A 

small subset of the diodes were bonded into a ceramic 28-pin chip carrier (flatpack) and 

connections were made using ultrasonic bonding of AI wire between the contacts and the 

flatpack. A hole machined through the center of the flatpack allowed for optical 

photoresponse measurements (backside illumination) on one of the diodes. Test leads were 

soldered to pins on the flatpack for the measurements. 

The second characterization method utilized photolithographically fabricated devices 

ft-om Rome Laboratory (Hanscom AFB, Massachusetts) incorporating phosphorus doped 

guard-rings aroimd the periphery of the diodes. .An aluminum diffusion is incorporated in 

these devices to provide good ohmic contacts for the test diodes. A summary of the 

processing performed on these samples is found in Appendix B. An additional modified 
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RCA clean (Appendix B) was performed prior to the 3% HF cleaning procedure to assure 

removal of photolithographic processing contamination in the diode areas, and the devices 

were spin-dried at 5000 RPM to remove the HF solution from the still oxidized regions of 

the wafer. Due to the locations of the open areas in these samples, in-situ RHEED and 

LEED was not possible on these devices. The devices were then mounted for measurements 

The most common methods of measuring the properties of Schottky-barrier infrared 

detectors are I-V analysis, activation energy and optical photoresponse measurements. All 

three types of measurements were attempted on the devices formed in my study. A 

description of the measurement techniques and results is discussed below. Before 

continuing, it is important to point out possible limitations in this study brought about by 

using shadow mask devices without guard-ring structures. Anomalous current contributions 

from edge leakage were expected to affect electrical measurements on these devices to some 

extent. The edge leakage currents are induced by the high electric fields generated at the 

periphery of the contacts. By increasing the bias on the devices, the edge effects are even 

further exaggerated and can lead to breakdown of the diodes at relatively low voltage levels. 

To suppress edge leakage and premature breakdown, guard-ring structures are needed on the 

diode periphery. In addition, optimal electrical characterization of these devices also 

requires the formation of good ohmic contacts to the silicon substrate. Ideally, this involves 

the formation of a heavily doped region under a low barrier height metal overlayer, where 

excessive carrier tunnelling provides good contact to the substrate. I-V measurements on 

most of the shadow mask test devices in this study displayed "soft" reverse characteristics 
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instead of the nearly constant saturation current of an ideal diode and breakdown at relatively 

low bias voltages (e.g. < 1 volt). The low breakdown voltage of the shadow mask diodes 

primarily results from edge effects since these characteristics were not observed in the guard-

ring diode structures. The iridium silicide devices having guard-ring structures generally 

dispalyed breakdown voltages in excess of 25 volts.™ 

5.21 I-V measurements 

The Schottky-barrier height can be extracted from the forward I-V characteristics of 

a metal-semiconductor contact. As discussed in Section 1.7, the current transport in an ideal 

metal contact is due primarily to thermionic emission current and is described by the 

following equation 

S3l JL 
I  ̂  A  A " T ^  e (e - I) area ^ ' 

where the addition of an ideality factor, n, has been added to the exponent of the ideal 

thermionic emission equation. The ideality factor, n, can be thought of as a measure of the 

departure of the device from that of the pure thermionic emission case (n = 1). However, the 

equation assumes a constant barrier height independent of applied bias on the contact. As 

pointed out in Section 1.5, the barrier height is bias dependent (lowered under reverse bias 

and raised under forward bias) and therefore some deviation from the ideal case is expected 

under a varying bias condition and will be taken up in the derived value of n under the 

assumed constant barrier height condition. The value of n may also be greater than unity due 



to the effects of other current mechanisms, such as tunneling and leakage currents. 
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For applied voltages greater than 3kT/q in a forward bias condition, we can approximate 

equation 5.6 by the following formula 

- q 'P .!!..!__ 

I =o: A A * * T 2 e kT e nkT 
area 

which can be rewritten in the form of 

Ln(I) 
qV 

- Ln(J
0

) + 
nkT 

5.7 

5.8 

where the saturation current, 10, incorporates the temperature, device area and effective 

Richardson constant (A**) as well as the barrier height dependence of the contact. 
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Therefore, a plot of Ln(I) versus V at a constant temperature should theoretically yield a 

straight line proportional to the applied voltage modified by the ideality factor. By 

extrapolating this line to V=0, the saturation current Iq can be found. Then, by assuming an 

appropriate value for A** and the device area, the zero bias barrier height T for the contact 

is derived. 

The current in a metal-semiconductor contact under reverse bias at a constant 

temperature should be equal to the saturation current Iq according to equation 5.8. However, 

due to the field dependence of the barrier height discussed in Section 1.5, the lowering of the 

barrier height with increasing voltage causes a slight increase in current with increasing 

applied reverse voltage. From equation 1.8, one sees that the barrier lowering theoretically 

is proportional to the fourth root of the applied voltage Therefore a plot of the natural 

logarithm of I versus V "• should yield a straight line if the effect is due solely to the field 

dependence of the barrier height. Other possible explanations for excess current at larger 

bias fields is turmeling of carriers through the barrier and generation of electron-hole pairs 

in the depletion region leading to a generation-recombination current. 

Figure 5.5 shows a shematic of the apparatus used to measure the I-V characteristics 

of the devices. The device is mounted on the sample stage of a cryogenic refrigerator using 

a thermally conductive adhesive or paste. The stage temperature is modulated by an internal 

resistive heater and monitored by a calibrated diode in thermal contact with the stage. For 

each data point, the system is allowed to stabilize until no significant fluctuations in diode 

current, voltage or temperature are observed. The sample is completely isolated fi-om the 
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outside environment to suppress photocurrent generation in the device. 
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Both forward and reverse I-V measurements were performed on the silicide devices 

having guard-ring structures since they had suitable ohmic contacts. In the case of the 

shadow mask devices, a reverse biased diode is always in series for the measurement and 

suppresses measurement of the forward device characteristics. 

Figure 5.6 shows the forward I-V characteristics measured as a function of operation 

temperature of an IrSi device formed by annealing Ir at 450 oc on Si(l11). Fitting the linear 

region of the data at the lower votage levels reveals an ideality factor of~ 1.1 0 for this device 

with a barrier height of ~0.22 e V. At higher bias levels, the current becomes large enough 

and the resulting voltage drop across the substrate causes a departure from linearity of the 
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data. The ideality factor is found to decrease with increasing operation temperature whereas 

the barrier height increases slightly. An increase of the ideality factor with decreasing 

temperature is consistent with the pressence of some tunneling or generation-recombination 

current in the device since their effect is more pronounced at lower temperatures with respect 

to thermionic emission current. A lower barrier height observed with decreasing temperature 

is again consistent with the influence of other current mechanisms since it is assumed that 

only thermionic emission current is present for determination of the barrier height. 

Additional current present in the device forces the barrier height estimation to be lower since 

the saturation current is higher than would otherwise exist in the device. 

Figure 5.7 shows the reverse I-V characteristics measured as a function of 

temperature on the same IrSi device discussed above. As shown by the data, there is a slight 

increase in current at a given temperature with increasing bias voltage. In addition, it is 

apparent from the relatively small shift in the magnitude of current between 60 K and 70 K 

that another current mechanism other than thermionic emission is significant at these 

temperatures. The slight increase in current with increasing bias results from the field 

dependence of the barrier height as shown by Figure 5.8, where a straight line is fit to a plot 

of Ln(I) versus V"'' consistent with the dependence of barrier height on applied voltage. 

5.21 Activation energy measurements 

Another I-V method for measuring the Schottky-barrier height of a metal-

semiconductor contact is activation energy analysis. In this measurement, the contact is 



175 

biased at a fixed voltage and the leakage current meastired as a function of temperature. As 

presented in Section 1.7, the reverse leakage current for an ideal metal/Si contact under a 

constant reverse bias is due predominantly to thermionic emission current given by the 

following equation 

I  ̂  A  A  " T ^  e  area 

which can be written in an equivalent form of 

•"> --iC''' 5.10 
T kT 

where I is the measured current, T is the device temperature, A is the active area of the diode. 

A** is the modified Richardson constant for holes (theoretically -30 A/cm-K-). and T is 

the effective barrier height of the device. Therefore, in plotting ln(I/T-) vs. I/T (Richardson 

plot), a linear dependence is expected with a slope proportional to the barrier height of the 

device over some finite temperature range. Furthermore, extrapolation of this linear region 

to 1/T = 0 should theoretically yield the product of the device area and A**. For devices 

incorporating guard-rings and good ohmic contacts, a linear fit is typically obtained over 

many orders of magnitude in current. The linear region in an ideal measurement is limited 

at higher temperatures, where the emission current of the device becomes large enough that 

the voltage drop across the substrate (and contact) dominates the measurements. This effect 
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occurs at lower temperatures for devices having low barrier heights. At lower temperatures, 

the linear range is limited either by the measurement apparatus (i.e. noise, current sensitivity, 

temperature) or by the presence of tunneling, generation-recombination, and/or edge leakage 

current of the device.®' These other current mechanisms add to the thermionic emission 

current causing departure from the linear fit. In practice, the barrier heights determined by 

this measurement technique are typically somewhat lower than those determined by optical 

photoresponse measurements. Mooney reported variations of approximately 30 meV for 

PtSi devices incorporating guard-ring structures for suppression of edge leakage effects.-' 

It has been suggested that the difference in barrier height results primarily from inelastic 

scattering losses suffered by optically excited carriers prior to emission over the barrier. 

In addition, the values of A** in the literature (when reported) derived by this measurement 

technique typically vary from the theoretical value to some extent. 
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Figure 5.9 Activation energy plot showing only a small 
linear region for determining barrier height. 
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Activation energy measurements were performed in-house as well as by Rome 

Laboratory at Hanscom AFB (Massachussetts). Figure 5.5 shows a simple diagram of the 

measurement apparatus used to obtain the data. The device is mounted on the sample stage 

of a cryogenic refrigerator using a thermally conductive adhesive or paste. The stage 

temperature is modulated by an internal resistive heater, while the temperature is monitored 

by a calibrated diode in thermal contact with the stage. For each data point, the system is 

allowed to stabilize until no significant fluctuations in diode current or temperamre are 

observed. The sample is completely isolated from the outside environment to suppress 

photocurrent generation in the device. The positive terminal of the voltage source is applied 

to the test device and the negative terminal to an adjacent diode or substrate contact with a 

current meter in series for the measurement. This results in a reverse biased "test" diode in 

series with a forward biased "contact" diode. A forward biased diode acts as a pseudo-ohmic 

contact for the measurement. 

Unfortunately, measurements on most of the shadow mask samples did not yield data 

consistent with equation 5.10. Therefore, determination of the electrical barrier height on 

these devices was not possible. In the majority of cases, a pseudo-linear region was observed 

only over a relatively small range in current. For example, in figure 5.9 I show the 

Richardson plot obtained from an IrjSi^ device codeposited at room temperature and 

annealed at 550 °C. A fit to the upper portion of the data yields a barrier height of ~0.89 

eV and an A** value of - 1 A/cm-K". The figure clearly demonstrates a continuously varying 

slope at the lower measurement temperatures. This is consistent with additional current 
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contributions other than thermionic emission dominating in the measurements. In the case 

of extremely low A** values, the barrier heights are found to be considerably lower than 

indicated by optical photoresponse measurements. Non-ideal current mechanisms, such as 

leakage current, will tend to be more problematic at lower device temperatures and cause an 

increase in current from the pure thermionic emission case. Therefore, the excessively low 

values of A** and T obtained with respect to optical photoresponse measurements may 

reflect a gradually mcreasing contribution of edge leakage and/or other current mechanisms 

in the devices with decreasing temperature. This would result in a decrease in barrier height 

and A** when fitting the data. The non-linearities may also be a result of field emission 

(tunneling through the barrier) and/or generation current in the semiconductor depletion 

region. However, these effects are usually only significant for heavily doped semiconductors 

and/or at extremely low device temperatures.'^ 

Figure 5.10. shows the Richardson plot from a shadow masked IrSi3 device 

codeposited on Si(l 11) at 530 °C. The data shows very good agreement with the predictions 

of equation 5.10 over greater than 6 orders of magnitude in current. The barrier height of the 

lrSi3/Si(l 11) device is found to be 0.303 eV and yielded an A** value of 13.64 A/cm-K*. 

This barrier height is found to be slightly lower than the optical barrier height determined for 

this device of ~0.33 eV, similar to the results on PtSi reported by Mooney.(ref) The barrier 

heights determined by activation energy measurements were in all cases lower than those 

found using forward I-V and optical photoresponse measurements in this study. 
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5^2 Optical photoresponse measurements 

The most infonnative method of characterizing Schottky-barrier photodetectors is by 

measuring the optical properties of the devices. As discussed in Section 1.6. the optical 

photoresponse of an ideal silicide detector is approximated by the modified Fowler equation 

for energies greater than the optical barrier height, given as follows 

(Av - Uf y 
Y ^ C, 5.8 

^ hv 

Simple rearrangement of this equation gives 

i 
(rav)2 = c/ (Av -

where Y is the calculated quantimi yield. C,- is a device dependent emission coefficient, hu 

is the photon energy, and is the optical barrier height. Therefore, in plotting (Yhv)' - \ s. 

hv (known as a Fowler plot), a linear dependence is expected with a slope proportional to the 

square root of the emission coefRcient, Cf,. The intercept with the energy axis is defined as 

the optical barrier height (cutoff wavelength) of the device. This analysis is typically used 

in the literature, so I adopt this methodology in presenting the results on my devices as well. 

Experimentally, optical barrier heights are usually higher than the barrier height obtained in 

activation energ}' measurements, suggested to result fi-om scattering losses of the optically 

excited carriers prior to emission. For energies near the barrier height energy, a slightly 

higher output efficiency than predicted by equation 5.9 is generally observed. It is believed 
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this results from phonon-assisted carrier excitations over tiie barrier. Finally, the optical 

cutoff wavelength and emission coefiBcients are expected to increase slightly with increasing 

bias voltage due to the barrier lowering effects discussed in Section 1.42. 

Optical measurements on the shadow mask diodes were performed at Rome 

Laboratory at Hanscom APB (Massachusetts). Figure 5.11 shows a schematic representation 

of the system used for the optical measurements. During the measurement, the detector is 

again biased at a fixed dc voltage, and a prism monochromator generates a narrow spectral 

beam incident on the detector. The monochromator can be stepped through center 

wavelengths ranging from ~1-11 |im for the measurements. A SiC rod is used to simulate 

a black-body source of infrared radiation into the monochromator. A dual-stage cryogenic 

refrigerator system is used to cool the devices for suppression of thermal generated dark 

current. The light from the monochromator is modulated by a chopper wheel assembly to 

produce an AC flux onto the detector. A reference signal generated by the chopper wheel 

synchronizes the detection process with the photocurrent generated by the device to a lock-in 

amplifier. The photocurrent is converted to a voltage across a load resistor for the 

measurement. Calibration of the system is performed using a pyroelectric detector, initially 

calibrated using a commercial black-body source. The pyroelectric detector is then placed 

into the measurement system to calibrate the output of the monochromator/SiC rod assembly. 

A more detailed description of the measurement system and calibration procedure is found 

in the references.^' The edge leakage effects of the shadow mask diodes and lack of good 

ohmic contacts are less troublesome in optical measurements since a modulated photocurrent 
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is measured using a lock-in amplifier. However, the low breakdown voltages of most of the 

shadow mask devices did not permit data to be obtained at typical operating voltages (~5 

volts). At higher bias voltages, slightly higher cutoff wavelengths and emission efficiencies 

are to be expected. 

5.22a Photoresponse of codeposited IrSij films on Si(lll) 

Optical measurements of IrSij films codeposited on p-type 15 Q-cm Si(l 11) indicate 

a relatively high optical barrier height for this combination of ~ 0.33 eV. Figure 5.12 shows 

the Fowler plot from a polycrystalline 100 A IrSis film codeposited on Si(l II) at 530 °C. 

The measurement was performed at 40 K with a I volt reverse bias. As shown by the figure, 

the data shows good agreement with the modified Fowler theory. A fit to the data yields an 

optical barrier height (Y^pJ of 0.336 eV (3.7 |am) with an emission coefficient (C,) of 2.5 

%/eV. Similar plots obtained at bias voltages of 2 and 5 volts on this device resulted in fitted 

barrier heights of 0.333 eV and 0.327 eV, respectively, consistent with the small amount of 

barrier lowering expected with increasing bias voltage (Section 1.42). In addition, a small 

increase in the emission efficiency was observed at the higher bias voltages as expected. Tlie 

activation energy measurements on this device also indicated a relatively high barrier height 

of 0.303 eV (Figure 5.10). 

Diodes formed from codeposited 100 A IrSi3 films on Si(l 11) at 670 °C and 700 °C. 

having large amounts of IrSi3 Mode B* epitaxial growth, were measured to determine their 

optical properties. I was interested in determining if any significant variations in the 
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optical properties would be observed in comparison to the polycrystalline IrSij film due to 

the highly oriented growth of the IrSij crystallites. However, no evidence of significant 

variations was indicated by the photoresponse data. At low bias voltages, the devices exhibit 

extremely low emission, so measurements were attempted at higher bias on these devices. 

Figure 5.13 shows the Fowler plot fi^om an IrSi3 mode B* device formed at 670 °C. The 

measurement was performed at 100 K at a bias of 10 volts. A barrier height of 0.326 eV and 

an emission coefficient of 0.95 %/eV is found from a linear fit to the data. Optical 

photoresponse from the 700 °C device indicated a slightly lower barrier height of -0.31 eV 

and a similarly low emission coefficient at a reverse bias of 10 volts. The results on these 

devices are consistent with that of -0.33 eV found for the polycrystalline IrSij film. The 

lower emission coefficients with respect to the polycrystalline sample are attributed to the 

observed islanding of the IrSij crystallites (Section 4.14). having the combination of a lower 

photon capture cross-section and thicker active areas which can result in lower emission 

efficiency (Section 1.43). 

To my knowledge, the optical and activation energy data presented here are the first 

reported Schottky-bamer measurements for IrSij films on p-type Si( 111) substrates, so direct 

comparison to results of other researchers is not possible. However, first order Schottky-

barrier theory suggests the sum of the barrier heights for silicides on n-type and p-type 

substrates should be nearly equal to the Si bandgap energy of 1.12 eV. Barrier heights for 

IrSi3 on n-type Si(l 11) of 0.91 eV determined by I-V characteristics and 0.86 eV for optical 

photoresponse measurements have been reported by J. de Sousa Pires et al.^- The barrier 
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heights determined by my measurements of ~0.33 eV and ~0.30 eV on p-type Si(lll) 

combined with their data yield a sum of ~ 1.20 eV, slightly higher than the bandgap of Si. 

Similar variations have also been observed for other metal/Si contacts as summarized in 

Rhoderick and Williams. 17 The barrier heights measured for these IrSi3 devices on Si(lll) 

are the highest values ever reported for iridium silicides on p-type Si. 

The optical cutoff wavelength of ~3.7 J.lm estimated for the IrSi3 films on p-type 

Si(lll) limits their use to imaging in the SWIR (1-3 J.lm) wavelength region. In addition, 

the relatively low emission coefficients observed for these devices are inferior to those 

obtained for PdSi2 and PtSi detectors in this wavelength region. Some increase in emission 

efficiency would likely occur through optimizing the film thickness and addition of an 

optical cavity/anti-reflection coating to the devices. However, I would not expect the 

resulting increase in photoresponse to be substantial enough to outperform these other 

established silicide technologies. 
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Figure 5.14 Optical photoresponse of 50 A IrSi3 

film codeposited on Si(lOO) at 450 °C. 
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5.22b Photoresponse of codeposited IrSi] films on Si(lOO) 

IrSij films codeposited on p-type 15 Q-cm Si(lOO) substrates were found to exhibit 

lower optical barrier heights than IrSij films on Si(l 11). Figure 5.14 shows a Fowler plot 

from a 50 A polycrystalline IrSij film codeposited on Si(lOO) at 450 °C. The measurement 

was performed at 40 K at a reverse bias of I volt. A linear fit to the lower portion of the 

curve yields a barrier height of-0.215 eV (5.8 ^m) and an emission coefficient of 5.6 %/eV. 

A slight increzise in emission efficiency observed at higher energies suggests that some 

inhomogeneity in barrier height may exist within this device. It also may be due to some 

absorption enhancement by the device structure. Similar non-ideal effects have been 

observed on both Ir and Pt based devices."^®-* In figure 5.15, I have simulated the 

photoresponse from a phenomenological dual barrier device yielding similar values to that 

of the IrSij device. This is only to demonstrate the multiple barrier concept and does not 

necessarily represent the actual device structure in any way. Barrier height variations within 

the diode may clearly result from the formation of a silicide phase having a different barrier 

height than that of IrSij. However, TED analysis on the test area of this sample did not 

indicate the formation of other silicide phases in this sample. Barrier height inhomogeneities 

are known to occur in other silicide systems (e.g. NiSi2/Si(lll)) v/ith microstructural 

variations of the crystallites at the interface. However, since the device was determined to 

be polycrystalline, such a pronounced effect would not be anticipated. A variation in barrier 

height may also result from the presence of interfacial contamination at the silicide/Si 

interface. AES and XPS analysis has shown that trace amounts of carbon, oxygen, and 
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fluorine may be present on the surface of the Si substrates before deposition. Similar 

anomalies in photoresponse have been observed in other iridium silicide devices in this 

study. Figure 5.16 shows the optical photoresponse measured for a thicker ~ 100 A IrSis 

fihn codeposited on Si(lOO) at 550 °C (40 K, 1 volt bias). The optical barrier height of this 

device was estimated to be -0.25 eV (5.0 |im) with an emission coefficient of-3.6 %/eV. 

The results from my depositions suggest an optical barrier height for IrSij on p-type 

Si(lOO) of approximately -0.19-0.25 eV. The barrier heights for IrSij films on p-type 

Si(lOO) found in my study are slightly higher than that reported by Lin et al." Lin estimated 

an optical barrier height for a 50 A IrSij device on Si(lOO) of -0.18 eV (4.3 %/eV) over an 

energy region of-0.20 to 0.30 eV (data above this energy region showed excessive amounts 

of scatter). The resistivity of the substrates used in his study (I-IO Q-cm) was lower than 

that used for my samples which may account for a small difference in the measured barrier 

height. In addition, determination of the electrical barrier height by activation energy 

analysis gave a significantly lower value of -0.14 eV at a reverse bias of 0.2 volts (no A** 

value was given). IrSij barrier heights on n-type Si(IOO) substrates have been reported by 

J. de Sousa Pires et al.^', where an optical barrier height of -0.92 eV is reported in their 

study. Addition of the n-type values of this study and die p-type values found here yield a 

sum of 1.13-1.18 eV which is in fair agreement with the 1.12 eV bandgap of Si, as similarly 

found for IrSis films on Si(l 11) above. 

The observed lower barrier heights of IrSis on Si(lOO) with respect to those on 
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Si(l 11) is also consistent with measurements for PtSi on the two Si orientations as reported 

by Pellegrini et al.." They report lower emission coefficients for the Si( 111) devices as well. 

The barrier height variation is also consistent with the differences reported for IrSis on n-type 

Si(lOO) with respect to Si(l 11) using the Si bandgap rule. The consistent variations of 

barrier height between the two Si orientations clearly demonstrate the importance of the 

interface properties on the Schottky barrier height. 

The cutoff wavelengths of 5.0-5.9 |j,m found for the polycrystalline IrSij films 

suggest this material could be used for imaging in both the SWIR and MWIR (3-5 |im) 

spectral regions. However, the observed emission efficiency of less than 8 %/eV for these 

IrSij films is inferior to currently available PtSi detectors. 1 do not expect that further 

optimization oflrSi; films will increase their capabilities beyond that of PtSi technology. 

5.22c Ir3Si4 films on Si(lll) 

IrjSij films on Si{lll) displaying localized epitaxial growth display cutoff 

wavelengths limiting imaging response to the MWIR spectral region. Figure 5.17 shows the 

optical photoresponse of a 50 A Ir3Si4 film formed by depositing Ir at 475 °C on Si( 111) 

having a guard-ring structure. The measurement was performed at 40 K at a reverse bias 

of 1 volt. An optical barrier height of 0.218 eV with a relatively high emission coefficient 

of 11.2 %/eV was measured on the device. Three other devices from this sample yielded the 

same barrier height, with nearly identical emission coefficients. .A.s was observ ed for the 

IrSi; films, the optical barrier height of Ir-.Si4 on Si(l 11) is higher than on Si( 100). 
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Figure 5.17 Optical photoresponse oflr3Si4 film formed by 
deposition oflr on hot Si(l11) at 475 °C. 

5.22d lr3Si4 films on Si(lOO) 
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Polycrystalline lr3Si4 films formed by room temperature codeposition on p-type 

Si( 1 00) reveal cutoff wavelengths providing access to the L WIR spectral region. Figures 

5.18 and 5.19 show the measured photoresponse of 120 A lr3Si4 films codeposited at room 

temperature and subsequently annealed at 500 oc (Si ~ 2.5 0-cm) and 550 oc (Si ~ 30 0-

em), respectively. The data was taken at 40 K with a 0.1 volt bias. As shown by the figures, 

the devices display similar fluctuations in photoresponse up to ~0.5 eV, at which point the 

correlation weakens. By fitting the data at energies lower than 0.5 e V (> 2.5 J.!m), where 

similar characteristics are observed in the devices, I have estimated the approximate optical 

constants. The device annealed at 550 oc yields an optical barrier height of 0.125 eV (9.9 

J.!m), where the emission coefficient was estimated to be 1.8 o/o/eV. The film annealed at 
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Figure 5.20 Optical photoresponse of Highly oriented 
lr3Si4 film on Si(lOO) displaying high emission efficiency. 

500 °C showed a slightly higher barrier height of 0.141 eV (8.8 |am) over the same region 

with a similar emission coefficient of 1.85 %/eV. A lower barrier height for the 500 °C 

armealed device was expected due to the higher doping of the substrate, however this is not 

indicated by the data. 

IrjSij films codeposited on hot Si(lOO) substrates, displaying localized epita.xial 

crystallite growth, show higher emission efficiency than polycrystalline ^3814 films. Figure 

5.20 shows the optical photoresponse of an ^3814 film codeposited on p-type 15 Q-cm 

Si(lOO) at 500 °C. The data was measured at 40 K at 1 volt bias. A fit to the data gives an 

optical barrier height of ~ 0.139 eV (8.9 ^m) with a relatively high emission coefficient of 

~9 %/eV. At 0.1 volt bias, the barrier height was found to be ~0.145 eV (8.6 |j.m) with an 
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emission coefficient of ~8 %/eV. The emission coefficient is relatively large in comparison 

with values typically observed for iridium silicides (see Table 1.1 ). Figure 5.21 shows the 

Fowler plot of a 450 oc codeposition on p-type 2.5 0-cm Si(lOO) at 0.1 volt bias. This 

device yielded a higher barrier height of ~0.175 e V (7 .1 Jlm) with an emission coefficient 

of ~6.5 %/eV. An almost identical result was obtained for a 500 oc deposition on the ~2 . 5 

0-cm substrates. As observed for the polycrystalline lr3Si4 films, the optical barriers on the 

higher doped substrates reveal higher values instead of the expected barrier lowering 

predicted by equation 1.8. 
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Measurements of a highly oriented- 120 A Ir3Si4 film, formed by deposition of 50 

A Ir on a hot p-type 30 0-cm Si(l 00) substrate at 500 oc, also showed relatively high 

emission efficiency. Figure 5.22 shows a Fowler plot of the device measured at 40 K with 

a 1 volt bias. The observed barrier height of -0.185 eV is higher than that of the codeposited 

Ir3Si4 films at 500 °C. A slightly higher value is expected for this device due to the lower 

doping of the Si substrate. The emission efficiency was observed to be slightly lower at~ 

4 o/o/eV. 

To my knowledge, these are the first reported barrier height measurements of Ir3Si4 

silicide films. The optical barrier heights were found to range between 0.125 e V and 0.1 7 5 

e V for the codeposited Ir3Si4 films on Si(1 00) and a value of 0.218 e V on Si(111 ). The 

polycrystalline Ir3Si4 on Si(l 00) films formed by room temperature deposition appear to 

yield somewhat lower barrier heights than those of the highly oriented films exhibiting 
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epitaxial growth. This may indicate a small dependence of barrier height on interface 

microstructure. Optimizing the film thickness and incorporating an optical cavity on the 

polycrystalline Ir3Si4 devices may enhance their emission efficiency to levels where these 

devices yield moderate MWIR imaging performance with access to the LWIR spectral 

region. However, lower barrier heights and higher emission efficiencies would be desired 

for good image quality in both spectral regions. Ir3Si4 films deposited on hot substrates 

exhibiting localized epitaxial growth display higher emission efficiency than the 

polycrystalline films. This is presumably related to the optical carrier transport and interface 

transmission properties being superior in the epitaxially oriented crystallites. In ideal device 

structures biased at higher voltage, these epitaxial films would be expected to yield lower 

barrier heights and slightly higher emission efficiency. Further optimization may lead to 

Si(lOO) devices having higher performance over the entire MWIR spectral region than that 

of typical PtSi detectors. 

5.22e IrSi films on Si(lll) 

Similar to Ir3Si4 films on Si( 111), I found that the barrier height of IrSi on Si( 111) 

limits imaging of these devices to the MWIR spectral region. Figure 5.23 shows the 

photoresponse measured on a 50 A IrSi film formed by armealing Ir at 450 °C on Si(l 11). 

The data was taken at 40 K with a reverse bias of 1 volt. The sample shows a barrier height 

of 0.228 eV with an emission coefficient of 5.5 %/eV. Three other devices from the same 
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sample yielded nearly identical results. The barrier height is found to be much higher than 

that of IrSi films on Si(l 00) substrates as shown below. 
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Figure 5.23 Optical photoresponse oflrSi on Si(lll) 
formed by annealing Ir at 450 °C. 
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Figure 5.25 Optical photoresponse of IrSi on Si(lOO) 
formed by armealing Ir at 400 °C. 

5.22f IrSi films on Si(lOO) 

IrSi films on Si(lOO) demonstrate the potential for imaging in the LWIR spectral 

region. Figure 5.24 shows the optical photoresponse from a ~100 A IrSi film formed by 

room temperature deposition of Ir on ~2.5 Q-cm Si(IOO) with subsequent annealing to ~450 

°C. The measurement was performed at 40 K with a bias of 0.2 volts. A fit to the data 

yields an optical barrier height of ~0.117 eV, corresponding to a cutoff wavelength of > 10 

nm. However, the emission coefficient was fairly low at 1.2 %/eV and measurements 

beyond 0.15 eV (8.3 |im) could not be obtained, so the actual barrier height is somewhat in 

question. However, the data suggests a very low barrier height. 

A second IrSi film formed in a similar fashion at 400 °C on a guard-ringed structure. 
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revealed a similar optical barrier height of ~ 0.114 eV with an emission coefficient of 5.3 

%/eV as shown in Figiire 5.25. Unfortunately, the device was found to be excessively noisy 

which prevented the application of bias greater than a few volts. The reverse I-V 

characteristics of the device suggest the pressence of another current mechanism other than 

emission current in the device. However, the device shows great promise for development 

of an LWIR detector. In another case, a device revealed a much higher barrier height of 

0.164 eV. A likely reason for the dissimilarity in barrier height is the presence of excessive 

contamination in the diode region of the higher barrier height device. It has been determined 

by other researchers, using marker experiments, that Si is the major diffusing species in the 

formation of IrSi.^® Therefore, contamination present on die substrate at deposition will tend 

to remain at or near the silicide/Si interface after formation. This is unlike PtSi which forms 

by the diffusion of Pt, and therefore tends to form a cleaner interface. 

The optical cutoff wavelength indicated of >10 |im for some of the IrSi devices 

suggests that it has potential application as an LWIR detector. The cutoff wavelength of 

these devices is consistent with the highest value reported by Tsaur et al. for IrSi films, 

where their much thinner sample (40 A) was incorporated into an ideal device structure at 

a slightly higher reverse bias voltage of 1 volt.^° The simplicity in fabrication of the IrSi 

device, by annealing of a deposited Ir film, is also an attractive feature for FPA fabrication. 
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5.22g IrjSis films on Si(lll) 

Optical photoresponse of an IijSis device formed by araiealing 35 A of Ir on 15 Q-cm 

Si( 111) at 600 °C revealed an ^parent barrier height of 0.180 eV corresponding to a cutoff 

wavelength of approximately 6.9 }im. Figure 5.26 shows the measured data displayed in the 

forai of a Fowler curve. The photoresponse of this semiconducting silicide closely resembles 

that expected from a metal/semiconductor contact with deviations from the simple theor>' 

similar to many other metallic silicides measured in this study. As found for the other 

iridium silicides in this study, the apparent barrier height of the IrjSij phase on Si( 111) is 

somewhat higher than that measured on Si(lOO). The barrier heights measured barrier 

heights derived from the forward 1-V and activation energy measurements substaintiated the 

higher barrier height as siunmarized in Table 5.1. 
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Figure 5.26 Optical photoresponse of IrjSij on Si(l 11) 
formed by armealing Ir at 600 °C. 
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5.22h IrjSis films on Si(lOO) 

IfjSis on Si( 100) measured an optical barrier height of-0.170 eV being slightly lower 

than that found for Si(l 11). Figure 5.27 shows the measured photoresponse of an IrjSi, 

device formed by annealing 35 A of Ir on 15 Q-cm Si(lOO) at 600 °C for one hour. The data 

was measured at a reverse bias of 1 volt. Again, as observed for the Si(l 11) device the 

photoresponse is foimd to be similar to that expected for a metal/semiconductor contact. 

Two other -240 A IrjSis devices which were formed on 2.5 Q-cm Si(lOO) at 550 °C 

measured optical photoresponse out to beyond 8 |im. Howver, the photoresponse from these 

devices was extremely low which made determination of their barrier height extremely 

difficult. 

2J5-, 
iTjgj Ir annealed at600 "C 
4'=0.171eV 
q=a9%fev 20-
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0.0 
0.4 

Energy (eV) 

Figure 5.27 Optical photoresponse of hsSis on Si(lOO) 
formed by annealing Ir at 600 °C. 
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As suggested by the resistivity measurements on iTjSij fihns, they are expected to 

be semiconducting (section 5.14) instead of metallic like the IrSij, Ir3Si4, and IrSi silicides. 

Absorption studies by other researchers on IrjSij films have determined the bandgap of this 

semiconducting phase to be ~1.2-1.6 eV. It has also been found that Ir3Si5 has the propjerties 

of a p-type semiconductor, where hole current dominates conduction. An isotype 

heterojunction is formed when two similar conduction type semiconductors, having different 

bandgaps, are placed in intimate contact. Therefore it is reasonable to assume that the 

IrjSij/Si interface forms an isotype semiconductor/Si heterojunction instead of a typical 

Schottky barrier contact on p-t>'pe Si(lOO) substrates. The properties of the heterojunction 

formed are dependent upon the electron affinity, energy band gaps and work functions of the 

two materials, and upon the fermi level positions of each of the semiconductors. The 

properties of the junction are also affected by surface and interface states at the interface of 

the two materials.®^ The observed photoresponse for these devices may result from free 

carrier absorption in the valence band of the silicide layer. The optical properties would then 

be determined by the valence band offset at the interface, similar to a Schottky-barrier. This 

type of detection mechanism has been found for highly doped p-Si^Ge,.yp-Si heterojunction 

detectors.** Furthermore, the IrjSij films were formed by annealing with a boron doped Si 

substrate, where the boron might act as a dopant for the semiconducting silicide. However, 

without more precise knowledge of the IrsSis material, it is not possible to determine 

precisely the origin of the photoresponse in the device structure. As a final note, the metal 

contacts on the IrjSij films may also form a Schottky-barrier detector and may also be a 



photodetection mechanism in the device. 
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5.23 Summary of iridium silicide detector performance 

Activation energy measurements on the shadow mask diodes did not show consistent 

agreement with the expected I-V temperature characteristics for Schottky-barrier detectors 

in most cases. The lack of guard-ring structures at the periphery of the diodes is the primary 

reason for the inconsistencies observed. This is substantiated by measurements on the guard-

ring structures wliich show results consistent with the optical and forward I-V barrier heights. 

The barrier heights determined by activation energy measurements on these devices were 

found to be up to 25 meV lower than those determined by optical photoresponse 

measurements. Therefore, further cooling of these devices will be required beyond that 

estimated by the optical cutoff wavelength for suppression of generated dark current (section 

1.7). 

A summary of the optical barrier heights and emission efficiencies observed for the 

iridium silicide films is found in Table 5.2. Optical photoresponse measurements on IrSi;, 

have determined that these films are limited to imaging in the SWIR (-3.7 ^m on Si(l 11)) 

and MWIR (~6.0 nm on Si(lOO)) spectral regions. Their emission efficiencies are 

considerably lower than PtSi devices (< 10%/eV), and therefore are probably not a good 

choice for FPA applications. However, ^381^ devices were found to have barrier heights 

allowing imaging in the LWIR spectral region. The emission efficiencies of the 

polycrystalline devices was quite low. Further improvements are believed possible through 
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optimization of film thickness and processing. The Ir3Si4 devices displaying localized 

epitaxial growth were found to have slightly higher barrier heights than the polycrystalline 

films, however with substantially higher emission efficiencies than the polycrystalline films. 

These devices show promise for improvement of the MWIR imaging performance of silicide 

based FPA arrays. Optical photoresponse on the IrSi devices indicated a very low barrier 

height corresponding to imaging beyond 10 ^m. Relatively low emission efficiency was 

observed in the photoresponse measurements. However, other researchers have determined 

that much thinner IrSi films can obtain higher emission efficiencies than found in this study. 

IrSi is worth fiature investigation for LWIR FPA applications. Photoresponse measurements 

on IrjSij devices have indicated photoemission beyond the MWIR spectral region. The 

observed emission efficiencies were very low in comparison to the other silicides measured. 

There is yet some question about the photoresponse mechanism in the IrjSij devices and 

further investigation is suggested in future studies. 



Phase Substrate Bias 
(volts) 

•^opt 
(eV) 

Cf 
(%/eV) 

Y .-V 
(eV) 

w '• activation 
(eV) 

Comments 

IrSi, Si(lII) 
15 Q-cm 

1 0.336 2.5 NA 0.303 
A** = 14 

Codepositcd at 
530 "C 

IrSi, Si(III) 
15 Q-cm 

10 0.326 0.95 NA NA Codeposited at 
670 °C, islanded 

IrSi, Si(III) 
IS Q-cm 

10 0.310 0.95 NA NA Codeposited at 
700 'C. islanded 

IrSi, Si(lll) 
15 Q-cm 

1 0J4 
0.22 

4.9 
5.6 

0.21 
n= 1.10 

0.199 
A»* = 15 

Codeposited at 
500 °C, G-rings 

IrSi, Si(lOO) 
15 Q-cm 

1 0.215 5.60 NA NA Codeposited at 
450 "C 

IrSi, Si(lOO) 
15 Q-cm 

1 0.250 3.60 NA NA Codeposited at 
550 'C 

IrSi, Si(lOO) 
15 Q-cm 

1 0.19 
0J5 

7.3 
7.9 

0.187 
n= 1.04 

0.180 
A" =36 

Codeposited at 
500 °C, G-rings 

Ir,Si, Si(lll) 
15 Q-cm 

1 0.218 11.6 0.209 
n= 1.06 

0.203 
A** = 30 

deposit Ir at 
475 °C, G-rings 

Ir,Si4 Si(IOO) 
30 Q-cm 

0.1 0.125 1.80 NA NA Codeposit at RT 
anneal at 550 °C 

Ir,Si4 Si(lOO) 
2.5 Q-cm 

O.I 0.I4I 1.85 NA NA Codeposit at RT 
anneal at 500 °C 

Ir,Si4 Si(IOO) 
15 Q-cm 

1 0.139 9.00 NA NA Codepositcd at 
500 °C 

Ir,Si4 Si(IOO) 
2.5 Q-cm 

0.1 0.175 7.00 NA NA Codeposited at 
500 °C 

Ir.Si, Si(lOO) 
2.5 Q-cm 

O.I 0.175 6.50 NA NA Codepositcd at 
450 °C 

Ir,Si, Si(lOO) 
30 Q-cm 

1 0.185 4.00 NA NA Deposit Ir at 
500 °C 

Ir,Si. Si(lOO) 
15 Q-cm 

I 0,20 
0.32 

5.4 
3.7 

0.197 
n= 1.12 

0.193 
A** = 35.3 

Deposit Ir at 
475 °C. G-rings 

Table 5.1 Table of optical barrier heights and emission coefficients of iridium 
silicide films found in this study. 



Phase Substrate Bias 
(volts) 

(cV) 
Cf 

{%/eV) 
%-V 
(eV) 

¥ activation 
(eV) 

Camments 

IrSi Si(Ilt) 
IS Q-cm 

1 0.227 5.8 0210 
n=1.12 

0.199 
A** = 15 

anneal Ir at 
450 °C, G-rings 

IrSi Si(IOO) 
15 Q-cm 

1 0.114 5.3 NA 0.101 
A'*=6 

anneal Ir at 
400 "C. G-rings 

IrSi Si(lOO) 
2.5 Q-cm 

O.I 0.117 1.2 NA NA Deposit Ir at RT 
anneal at 450 "C 

IrSi Si(IOO) 
2.5 Q-cm 

0.01 0.176 1.73 NA NA Deposit Ir at RT 
anneal at 450 °C 

IrSi Si(lOO) 
15 Q-cm 

1 0.164 6.7 0.158 
n= 1.09 

0.150 
A** = 23 

anneal Ir at 
450 "C, G-rings 

Ir,Si, Si(Il!) 
15 Q-cm 

I 0.180 3.8 0.187 
n = I.I3 

0.I7I 
A" = 5 

anneal Ir at 
600 "C, G- rings 

Si(lOO) 
2.5 Q-cm 

.5 <0.16 <I NA NA Deposit Ir atRT 
anneal at 550 °C 

Ir,Sij Si(IOO) 
2.5 Q<m 

.5 <0.16 <I NA NA Deposit Ir atRT 
anneal at 550 °C 

Ir,Si, Si(lOO) 
15 Q-cm 

1 0.171 6.9 0.175 
n = 1.08 

0.173 
A" = 29 

anneal Ir at 
600 °C, G- rings 

Table 5.1 Table of optical barrier heights and emission coefficients of iridium 
silicide films found in this study. 
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5.3 Modelled performance of iridium silicide detectors in FPA systems 

To gain an understanding of the potential of iridium silicide devices in FPA 

applications, I performed some theoretical calculations based on a common figure of merit 

for these systems known as the Noise Equivalent Temperature (NEAT). The smaller the 

value, the higher the thermal sensitivity of the system. The performance of a FP.A system 

is determined by the ability to detect variations in spectral exitance across the image scene. 

Variations are due to both temperature differences of the objects as well as emissivit>' 

variations between different materials. Spectral emissivity is defined as the spectral output 

exitance of a material with respect to that of a blackbody emitter. For a particular 

application, incorporation of the emissivity into the calculations is necessary; however, in 

general it is sufficient to base die analysis strictly on temperature variations. In 

understanding this figure of merit, consider a FPA illuminated by a constant temperature 

(and emissivity) background (no image contrast) with a single scene element allowed to vary 

in temperature. The NEAT is then simply the required temperature difference of that scene 

element to induce a detectable change in the detected signal equivalent to noise variations 

in the FPA. 

The parameters I used in the following derivations are given below. The detector 

active area, optical system F#, and read noise are typical of values for silicide FPA systems. 
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Aj = active area of the detector = (25 x 25 
F = optical system F# = 2 
T = integration time of FPA = 0.033 sec 
c = speed of light = 2.99 x 10® m/sec 
h = Planck's constant = 6.626 x 10'^'' J sec 
k = Boltzmaim's constant = 1.3807 x 10'^ J K"' 
Cf = silicide emission coefficient (%/eV) 
Aj = silicide detector cutoff wavelength 
A, - = spectral range = (im for LWIR, 3-5 |im for MWIR 
R„ = read noise of electronics = 200 e "(rms) 
M(A.) = blackbody spectral output flux (photons sec' cm* [im"') 

The atmospheric and optical system transmission were set to unity for the analysis 

since the values are dependent upon the optical system used and also the range of the source 

from the imaging system. The values derived by my analysis are a best case scenario and 

those in real systems will be slightly worse in all cases. The effects of detector 

nonuniformity, which will further limit the ability to distinguish scene temperature 

variations, are not included. It is assumed that the noise in the system is limited by the read 

noise of the electronics and the statistical variation in signal carriers, which is brought about 

by fluctuations in the incoming photon stream. Since the incoming photon stream follows 

Poisson statistics, the associated noise is equal to the square root of the number of generated 

carriers. 

The number of carriers generated in the detector depends on the incident photon flux, 

the optical system parameters, and the properties of the detector. For the case of silicide 

detectors, the total number of carriers generated by the detector is given as follows: 



208 

signal = —^ jAfCX) ti(A) dk 5.13 

Where TI(A) is the spectral quantum efficiency of the silicide detector, which by rewriting 

equation 5.13 in terms of wavelength is given by 

T1(A.) = yC^d - 5.14 
c 

and M(A,) is the spectral photon output of the source (assumed a perfect biackbody) 

M ( X )  =  -
he 5.15 

The NEAT is defined as the ratio of the system noise to the change in signal contrast with 

respect to temperature. 

^EAT - ^ 5 „ 
d {signal) ^ 

dT 

where the change in signal contrast with respect to temperature is given by 

he 

d (signal) _ Cj.h^C ^ e (1  ~  ^X^) 

dT 2kT^ i 
/ ' " 5" 
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Using these equations, the NE~ T of phenomenological iridium silicide detectors, having 

different emission coefficients and cutoff wavelengths, was calculated for L WIR and MWIR 

imaging scenarios. The results are general and can be applied to any type of Schottky-barrier 

detector. 
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Figure 5.28 Noise equivalent temperature for silicide detectors with cutoff 
wavelengths of9, 9.5 and 10 ~m versus emission efficiency in the LWIR spectral 
reg1on. 
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One of the fundamental goals of uidium silicide technology is to extend the imaging 

performance of silicide based FPA into the LWIR spectral region. Figure 5.28 shows the 

calculated NEAT for silicide detectors having cutoff wavelengths of 9, 9.5, 10 and 11 

as a function of emission coefficient ,Cf, for a background temperature of 300 K. As clearly 

shown in the data, the cutoff wavelength of the silicide detector has a profound effect on the 

temperature resolution of the FPA in the LWIR region. Greater than a factor of two 

difference in thermal sensitivity is observed between the 9 jim and 10 |im devices at all 

emission efficiency values. Interestingly enough, as shown by the data of the 10 and 11 [im 

device, a substantial increase in emission efficiency has only a small effect on the thermal 

resolution of the FPA. At the present time, the best values obtained for iridium silicide 

detectors (A.^ ~ 10 |im, Cf ~10 %/eV) with the system parameters used in this analysis would 

provide a NEAT of 80 mK in the LWIR spectral region. Other LWIR FPA technologies 

(HgCdTe, AlGaAs, etc.) demonstrate values of less than 20 mK, much higher thermal 

sensitivity than the theoretical best values obtained for the silicide detectors. It is apparent 

that widiout a significant increase in the cutoff wavelength of iridium silicide devices, they 

will not be expected to compete on the same level as these other technologies in the LWIR 

spectral region. However, their basis on silicon semiconductor processing may establish 

them as a cost effective alternative for imaging situations not requiring high sensitivity in the 

LWIR. In addition, if the relative uniformity of the silicide devices can be controlled 

similarly to that of PtSi, the overall performance of the system may be better than that 

obtained with the other IR materials. 
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Figure 5.29 Noise equivalent temperatxire for iridium silicide detectors having 
cutoff wavelengths of 8,9, and 10 ^m versus a PtSi detector in the MWIR 
spectral region. 

Iridium silicide technology can also increase the imaging capability of silicide based 

FPA in the MWIR spectral region over traditional PtSi. Figure 5.29 shows the theoretical 

MWIR NEAT as a fimction of background temperature for a high quality PtSi device. The 

theoretical performance of iridium silicide devices with cutoff wavelengths of 8. 9. 10 and 

11 [am having a relatively high but realizable emission efficiency of 10 %/eV are also shown. 

The analysis shows the theoretical performance of these iridium silicide devices is slightly 

better than that of the PtSi detector. The higher performance at lower temperatures is due 
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primarily to the increased quantum efBciency at the longer wavelengths of the MWIR. 

However, the advantage could only be realized if the uniformity of the devices is 

comparable or better than that of PtSi (yet to be demonstrated). Furthermore, the iridium 

silicide detectors will have to be operated at significantly lower temperatures for suppression 

of thermally generated dark current. Finally, the data for the 9, 10, and 11 ^m detectors of 

figure 5.29 with that of figure 5.28 clearly demonstrates the dual-band imaging potential of 

iridium silicide devices, which in particular applications may be a system requirement. The 

performance of these dual-band devices would be fairly high in the MWIR spectral region 

but may only provide moderate capabilities in the LWIR. In order for these systems to be 

realized, quality readout architectures capable of operating at these significantly low 

temperatures (as low as 40K) must be used. Typically, CCD readout structures suffer from 

severe freezeout of carriers at temperatures below -70 K. However, switched mosfet 

readouts are commonly used for other IR materials operating at significantly lower 

temperatures (< 15K). Switched mosfet readouts may therefore provide the solution for 

implementation of iridium silicide FPA technology. 
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Chapter 6 
Conclusion 

Iridium silicide films can be used as a detector material in high-density, infrared 

Schottky-barrier FPA's. The main objectives of iridium silicide detector technology is to 

extend the cutoff wavelength of silicide FPA systems, allowing imaging in the LWIR 

spectral region and/or to enhance the perfomance in the MWIR over that of traditionally used 

PtSi technology. In this study, I examined the growth and structure of both codeposited IrSis 

and Ir3Si4 films using in situ and ex situ material characterization techniques. In addition. 

I researched the silicide phase growth for Ir films deposited at room temperature with 

subsequent annealing as well as films from Ir deposited on hot Si substrates. Electrical and 

optical measurements on a subset of the silicide films were performed to determine the 

potential of the various silicide phases to satisfy the requirements of iridium silicide FPA 

technology. In the following sections, I summarize the results of this study and conclude 

with some suggestions for future work in this area. 

6.1 Growth and structure of iridium silicide films 

IrSij films were formed on both Si(lOO) and Si(l 11) substrates using codeposition 

of Ir and Si in a 1:3 stoichiometric ratio. Resistivity measurements show that IrSij is 

metallic. I formed polycrystalline films at temperatures as low as 450 °C, the lowest 

temperature reported for growth of this iridium silicide phase. Polycrystalline lrSi3 films 

formed at temperatures below 550 °C show no clear evidence of other iridium silicide phase 
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growth and form continuous device structures. More highly-oriented IrSij growth occurs at 

deposition temperatures above -550 °C. Higher proportions of localized IrSis epitaxial 

growth were indicated by Bragg-Brentano x-ray diffraction and ion beam channeling for 

depositions on Si(l 11) over that of Si(lOO). As many as seven possible epitaxial orientations 

of IrSij crystallites on Si(l 11) were suggested by this study. 1 identified a new c-axis 

epitaxial growth for IrSis crystallites on Si(l 11), Mode B*, which dominated film growth for 

deposition temperatures around 700 °C. LEED, RHEED, and TED show the Mode B* 

crystallites are rotated 30° with respect to a previously reported c-axis epitaxy (Mode B) of 

IrSij on Si(l II). On Si(lOO) substrates, another previously unreported epitaxial growth. 

Mode K, was identified using TED. At these higher deposition temperatures. I observed that 

IrSij forms islanded film structures and showed evidence of other iridium silicide phase 

growth. Islanding and multiple phase growth are undesirable film properties for infi-ared 

detector applications. However, the polycrystalline films formed at lower temperatures 

displayed good detector material characteristics. 

I formed lr3Si4 films by codeposition of Ir and Si in a 3:4 stoichiometric ratio by 

annealing room temperature codepositions and codepositing on hot Si(IOO) substrates. 

Resistivity measurements revealed a relatively low metallic film resistivity of ~ 60 jaQ-cm 

for this silicide. Polycrystalline IrjSi^ films were formed by the room temperature 

codepositions annealed at 450 °C and 550 °C. Ir3Si4 codepositions on hot Si( 100) substrates 

displayed up to three unique orientations of localized epitaxial crystallite growth (Mode 

A,B, and C) for deposition temperatures of 450-550 °C. The codeposited Ir3Si4 films 
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exhibited no clear indications of other phase growth within the detectable limits of x-ray 

diffraction and TED. Ir3Si4 films formed by both deposition techniques are continuous 

device structures and display very smooth surface texture. The material properties displayed 

by the codeposited ^3814 films are highly suitable for infrared detector applications. 

My studies on annealed Ir films indicates that only two iridium silicides, IrSi and 

IrjSij, are formed for annealing temperatures up to 950 °C. IrSi was found to be metallic by 

resistivity measurements. I find only limited IrSi formation, with a large percentage of 

uru-eacted Ir at an annealing temperature of 350 °C for one hour. Completely reacted IrSi 

films form when Ir is annealed at 450 °C. The resultant polycrystalline IrSi films show no 

indications of other silicide phase growth and exhibit continuous crystallite formation across 

the substrate. Ir films annealed for one hour at temperatures of 550 °C and higher form the 

more Si rich silicide, ^3815. frjSis has a very high resistivity consistent with the observation 

of this silicide phase being a semiconductor. IrjSi, films formed at 550 °C are continuous, 

however armealing at 950 "C formed Ir3Si5 crystallite islands. The films are polycrystalline 

in structure and also form predominantly single-phase silicide films. 

I identified three iridium silicides formed by Ir deposited on hot Si(lOO) and Si(l II) 

substrates between 400 °C and 600 °C. Polycrystalline IrSi crystallite growth is found to 

dominate in films formed at 400 °C, however evidence of Ir3Si4 epitaxial growth was also 

observed by TED on Si(lOO). I find ^3814 epitaxial crystallites form when Ir is deposited on 

8i(100) and Si(l 11) at 500 °C. The epita.xial grov\th on Si(IOO) is similar to that found for 

codeposited ^3814 films. Using Bragg-Brentano x-ray diffraction and TED. I verified a 
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previously unreported Ir3Si4 epitaxial orientation on Si(lll), with the Ir3Si4(100) plane 

parallel to the Si(Il 1) surface (Mode D). IrjSis crystallite growth was also observed in a 

Si(ll 1) sample deposited at 500 °C. Depositions at 600 °C appear to form predominantly 

IrjSij films, showing evidence of higher oriented crystallite growth compared with films 

formed by aimealing Ir films. The Ir films formed at 400 "C were continuous, however I 

observed pinhole formation in the 500 °C and 600 "C depositions. The multiple phase 

growth observed in some samples using this technique may result in potential problems of 

photoresponse uniformity in FPA applications. 

6.2 Iridium silicides as infrared detectors 

1 find the barrier heights of lrSi3 films on Si(l 11) are higher than those on Si(lOO). 

The cutoff wavelength on Si(l 11) substrates (-- 3.7 jim) limits imaging capability of these 

detectors to the S WIR wavelength region. The longer cutoff wavelengths of IrSij on Si( 100) 

(~ 5.8 p.m) extends the imaging capabilty of these devices into the MWIR spectral region. 

However, the emission efficiency of the IrSij on both substrate orientations (< 8 %/eV) is 

inferior to currently available MWIR PtSi and SWIR Pd^Si detectors. I do not believe 

further research on this material will yield detector characteristics superior to these other 

established technologies. Therefore, IrSij is probably not worth future study as a material 

for FPA applications. 

I find IrsSij films demonstrate potential for achieving the goals of iridium silicide 

technology. Optical cutoff wavelengths as long as 9.9 fim were measiu^d on polycrystalline 
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Ir3Si4 devices on Si(lOO), demonstrating LWIR imaging capability. However, the emission 

efficiency (~ 1.8 %/eV) measured on these ~120 A films was fairly low. IrjSi^ films on 

both Si(lOO) and Si(lll), exhibiting localized epitaxial growth, reveal higher emission 

efficiency than the polycrystalline films. This likely results from better optical carrier 

transport and interface transmission properties of the epitaxial crystallites in these films. 

Cutoff wavelengths as long as 8.9 nm with a relatively high emission efficiency of 9 %/eV 

were measured on these epitaxial fihns. Detectors with these parameters have higher thermal 

sensitivity in the MWIR spectral region than traditional PtSi detectors. Improvements in the 

imaging performance of Ir3Si4 films will likely result through further process optimization 

and incorporation of these devices into more ideal detector structures than those used in this 

smdy. 

IrSi films on Si(lOO) also show promise for meeting the goals of iridium silicide 

technology. Optical photoresponse measurements indicated a cutoff wavelength beyond 10 

|j.m with an emission efficiency of ~ 5.3 %/eV. Tsaur et al. has previously established IrSi 

as a suitable LWIR detector (Table 1.1) and demonstrated somewhat higher emission 

efficiency (~10 %/eV) for thinner IrSi films (~ 40 A) operating under higher bias voltage. 

The simplicity of IrSi device fabrication also makes this material a good choice as an LWIR 

detector material for silicide FPA's. IrSi on Si(l 11) was found to have a higher barrier height 

limiting imaging to the MWIR spectral region. 

IrjSij films on 2.5 Q-cm Si(lOO) demonstrated photoresponse to beyond 8 |im. 

However, the photoresponse mechanism of this semiconducting silicide device is not 
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completely understood at the present time. Further research should provide a clearer 

understanding of IfsSij device characteristics and may lead to useful detectors based on this 

material. 

At present, the longest cutoff wavelength of ~ 10.5 nm with the highest emission 

efficiency of ~10 %/eV obtained for iridium silicide devices will only provide FPA systems 

with moderate performance in the LWIR spectral region compared to other FPA 

technologies. However, the MWIR performance of such a system would surpass that of 

currently available PtSi technology (with LWIR imaging capability) if the above detector 

characteristics can be reproducibly fabricated with high photoresponse uniformity. However, 

the FPA will require cooling to s 45 K for suppression of thermally generated dark current, 

and a readout multiplexor which can effectively operate at this temperature. To significantly 

increase the LWIR performance of these systems, the cutoff wavelength will need to be 

extended beyond 10.5 |j.m. At present. It would seem this could only be accomplished 

through the use of other barrier lowering techniques (section 1.8). 

6.3 Future work on iridium silicide technology 

While I have shown the potential of ^3814 and IrSi films to satisfy the requirements 

of iridium silicide technology, the ability to reproducibly fabricate detectors with long cutoff 

wavelengths and high emission efficiency was not explicitly addressed. Among the samples 

characterized in this study, 1 found variations in optical barrier height and emission 

efficiency between devices having the same basic film structure processed in nearly identical 
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or similar fashion. The lack of reproducibility from sample to sample needs to be minimized 

for successful fabrication of FPA systems based on iridium silicide technology. Small 

variations in imaging performance from FPA to FPA are to be expected. However, within 

the same imaging device, the detectors must have fairly similar optical constants to maintain 

the high photoresponse uniformity neccessary for quality imaging. Some nonuniformity 

problems may result from interface contamination. The simple HF cleaning procedure used 

in this study was found to leave trace amounts of carbon, ox>'gen, and flourine on the Si 

surface, with carbon having the largest concentration. The development or use of other 

cleaning methods, compatible with FPA processing, resulting in lower interface 

contamination may lead to higher reproducibility and imaging performance of these devices. 

Variation of the detector film thickness to fmd the optimum tradeoff between absorption and 

photoemission should also maximize the emission efficiency of the devices. Further research 

might also entail a more complete study of annealing temperature and time on the 

performance of these devices. Finally, the effects of post detector deposition processing need 

to be examined to determine if any of the latter FPA processing steps deteriorate the optical 

performance of the devices and changes made where appropriate. This could be 

accomplished by the formation of a simple test device with optical characterization being 

performed after each processing step. 
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Structure Factors of Iridium Silicides 
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The structure factor, Fhu, associated with the (hkl) plane of a crystal structure is 

calculated by summing the contributions of diffracted intensity from each of the atoms 

making up the unit cell. To make this calculation, the positions of the constituent atoms in 

the crystal structure must be known. The relative scattering strength of x-rays from an 

individual atom making up the crystal structure is directly proportional to the number of 

electrons in the atom (Z). The magnitude of the scattering is also a fxmction of the Bragg 

angle and wavelength of the incident radiation (Sin(0)/A,) due to phase differences in 

scattering from the electrons in the atom. In addition, a temperature factor (e '') accounts for 

thermal vibrations of the atoms in the lattice which results in a ftirther decrease of the relative 

intensity. Therefore, the atomic scattering of x-rays from the n*** atom is given by the 

following 

/, = . sin0/A.) e B1 

Using tabulated values from Cullity, 1 formed a cubic fit ftmction of f(Zn,sin0/A,) to acount 

for the variations in the scattering strength of the Ir and Si atoms as a function of Sin(0)/A, 

up to ~26 degrees. The temperature factors, Pn, used for the calculations were provided by 

the researchers who identified the atomic crystal structure of the various silicide phases and 

is different in each case. 
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The structure factor for a given hkl plane of a unit cell with sides of length a,b,and 

c is obtained by summing the scattering from each of the atoms in the unit cell along the hkl 

direction. The relative magnitude of the scattered wave from a single atom is given by 

equation B 1. However, each of the atoms is located at a different position, and therefore the 

relative phase of the scattered energy from each atom is dependent upon the fractional 

coordinates u,v, and w (x/a,y/b, and z/c) of the atom in the unit cell and the (hkl) reflection 

being considered for the calculation. The structure factor is then given by the following 

Fhkl 

2rri(hu + kv + lw ) e n n n B2 

where the summation is over the M atoms of the crystal structure. By multiplying Fhkl by its 

complex conjugate, F hkt, the squared modulus IF hkl J 2 is obtained. For more information on 

structure factor calculations, the reader should consult x-ray diffraction texts such as Warren 

or Cullity.45
,
46 The following papers provide useful information on Iridium Silicides. 

IrSi3 : J.G. White and E.F. Hockings, "Crystal Structure of Iridium Trisilicide, IrSi/ 
Inorganic Chemistry 10, 1934 (1971). 

lr3Si4 : I. Engstrom and F. Zackrisson, "X-ray Studies of Silicon-rich Iridium Silicides" 
Acta Chemica Scandinavica 24, 2109 (1970). 

IrSi: W.L. Korst, L.N. Finnie, and A.W. Searcy, "The Crystal Structures of the 
Monosilicides of Osmium, Iridium, and Ruthenium", Jour. of Phys. Chem. 61 , 
1541 (1957). 

Ir3Si5 : I. Engstrom, T. Lindsten, And E. Zdansky, "The Crystal Structure of the Iridium 
Silicide Ir 3Si s", Acta Chemica Scandinavica, Series A: Phys and Inorg. Chem. 41 
237, (1987). 
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IrSi3 
Space Group: P63/mmc No. 194 
a  =  4 . 3 5 l A  b  =  6 . 6 2 2 A  Y =  1 2 0 °  

density = 8.64 grm/cm^ 
M = 8 

Atomic Positions in Unit Cell 

atom U V W 

Ir 1 0.333 0.666 0.250 

I r 2  0.666 0.333 0.750 

Si 1 0.818 -0.818 0.083 

Si 2 0.818 1.636 0.083 

Si 3 -1.638 -0.818 0.083 

Si 4 -0.818 0.818 0.583 

Si 5 -0.818 -1.638 0.583 

Si 6 1.636 0.818 0.583 

H K L Structure 
Factor 

D-spacing 
(A) 

Theta (de 

0 0 1 0.00 6.622 6.686 

1 0 0 64.21 3.768 11.807 

0 1 0 64.21 3.768 11.807 

0 0 2 114.19 3.311 13.466 

1 0 1 105.14 3.275 13.616 

0 1 1 105.14 3.275 13.616 

1 0 2 62.01 2.487 18.058 

0 1 2 62.01 2.487 18.058 

0 0 3 0.00 2.207 20.444 

1 1 0 101.33 2.176 20.757 

1 1 1 0.00 2.067 21.903 

1 0 '> J 106.14 1.905 23.879 

0 1 3 106.14 1.905 23.879 

2 0 0 71.21 1.884 24.156 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

0 2 0 71.21 1.884 24.156 

1 1 2 110.11 1.818 25.091 

2 0 I 107.94 1.812 25.180 

0 2 1 107.94 1.812 25.180 

0 0 4 86.99 1.656 27.757 

IrjSu 

Space Group: Pnma No. 62 
a = 18.874 A b = 3.698 A c = 5.772 A 
density = 11.36 grm/cm^ 
M = 27 

Atomic Positions in Unit Cell 

atom U V W 

Ir 1 0.0315 0.2500 0.1925 

I r 2  0.1763 0.2500 0.9992 

I r 3  0.3257 0.2500 0.1093 

I r 4  -0.4685 0.7500 0.6925 

I r 5  -0.3237 0.7500 1.4992 

I r 6  -0.1743 0.7500 0.6093 

I r 7  -0.0315 0.7500 -0.1925 

I r 8  -0.1763 0.7500 -0.9992 

I r 9  -0.3257 0.7500 -0.1093 

I r l O  0.5315 0.2500 -0.3075 

Ir 11 0.6763 0.2500 0.4992 

Ir 12 0.8257 0.2500 -0.3907 

Si 1 0.1437 0.2500 0.3856 

Si 2 0.7704 0.2500 0.7849 

Si 3 0.4088 0.2500 0.4167 

Si 4 0.9588 0.2500 0.5233 

Si 5 -0.3563 0.7500 0.8856 

Si 6 0.2704 0.7500 1.2849 

Si 7 0.0912 0.7500 0.9167 
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Si 8 0.4588 0.7500 1.0233 

Si 9 -0.1437 0.7500 -0.3856 

Si 10 -0.7704 0.7500 -0.7849 

Si 11 -0.4088 0.7500 -0.4167 

Si 12 -0.9588 0.7500 -0.5233 

Si 13 0.6437 0.2500 -0.1144 

si 14 1.2704 0.2500 0.2849 

Si 15 0.9088 0.2500 -0.0833 

Si 16 1.4588 0.2500 0.0233 

H K L Structure 
Factor 

D-spacing 
(A) 

Theta (de 

0 0 0 0.00 0.000 0.000 

1 0 0 0.00 18.874 2.341 

2 0 0 73.14 9.437 4.686 

3 0 0 0.00 6.291 7.039 

0 0 1 0.00 5.772 7.677 

1 0 1 94.94 5.519 8.030 

2 0 1 22.07 4.924 9.009 

4 0 0 20.36 4.719 9.404 

3 0 I 10.62 4.253 10.444 

5 0 0 0.00 3.775 11.786 

0 I 0 0.00 3.698 12.034 

4 0 1 305.57 3.653 12.184 

I 1 0 0.00 3.629 12.267 

2 1 0 71.49 3.443 12.940 

J 1 0 0.00 3.188 13.995 

5 0 1 71.37 3.159 14.126 

6 0 0 568.00 3.146 14.188 

0 1 1 421.79 3.114 14.337 

1 1 1 399.91 3.072 14.535 

2 1 1 168.42 2.957 15.115 

4 1 0 119.61 2.911 15.361 

0 0 2 146.68 2.886 15.496 

I 0 2 225.07 2.853 15.680 



3 

6 

2 

7 

5 

3 

4 

4 

7 

5 

6 
8 

5 

0 

1 

6 

2 
8 

7 

3 

6 
9 

4 

7 

8 

9 

7 

5 

0 

1 

10 

2 

8 

0 

K L Structure 
Factor 

1 1 35.58 

0 1 198.44 

0 2 292.00 

0 0 0.00 

1 0 0.00 

0 2 14.23 

1 1 43.74 

0 2 250.03 

0 1 42.81 

1 1 188.64 

1 0 169.18 

0 0 395.59 

0 2 6.94 

1 2 0.00 

I 2 60.94 

1 I 259.67 

I 2 65.30 

0 I 145.09 

1 0 0.00 

I 2 416.07 

0 2 215.71 

0 0 0.00 

1 2 376.10 

1 1 567.81 

1 0 280.30 

0 1 2.43 

0 2 383.72 

1 2 104.65 

0 3 0.00 

0 3 69.56 

0 0 126.31 

0 3 216.04 

1 1 122.28 

2 0 831.81 

D-spacing Theta (deg) 
(A) 

2.791 16.039 

2.762 16.209 

2.760 16.223 

2.696 16.616 

2.642 16.970 

2.623 17.093 

2.599 17.258 

2.462 18.251 

2.443 18.398 

2.402 18.723 

2.396 18.771 

2.359 19.075 

2.293 19.651 

2.275 19.809 

2.259 19.959 

2.213 20.390 

2.212 20.402 

2.184 20.674 

2.179 20.725 

2.139 21.123 

2.127 21.258 

2.097 21.571 

2.049 22.100 

2.038 22.226 

1.989 22.808 

1.971 23.027 

1.970 23.038 

1.949 23.309 

1.924 23.625 

1.914 23.755 

1.887 24.111 

1.885 24.142 

1.880 24.206 

1.849 24.645 
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H K L Structure 
Factor 

D-spacing 
(A) 

Theta (de 

6 1 2 101.81 1.843 24.723 

1 2 0 0.00 1.840 24.771 

3 0 3 536.64 1.840 24.776 

8 0 2 259.70 1.827 24.968 

9 1 0 0.00 1.824 25.002 

2 2 0 56.79 1.814 25.146 

10 0 1 394.05 1.794 25.454 

4 0 3 106.82 1.782 25.644 

3 2 0 0.00 1.774 25.762 

0 2 I 0.00 1.761 25.968 

IrSi 
Space Group: Pnma No. 62 
a = 5.558 A b = 3.221 A c = 6.213 k 

Density = 13.04 grm/cm^ 
M = 8 

Atomic Positions in Unit Cell 

atom U V W 

Ir 1 0.0050 0.2500 0.2000 

I r 2  -0.4950 0.7500 0.7000 

I r 3  -0.0050 0.7500 -0.7000 

I r 4  0.5050 0.2500 0.3000 

Si 1 0.1900 0.2500 0.5700 

Si 2 -0.3100 0.7500 1.0700 

Si 3 -0.1900 0.7500 -0.5700 

Si 4 0.6900 0.2500 -0.0700 



1 

1 

0 
0 

0 

1 

2 

1 

I 
2 

0 

2 
0 

1 

2 

2 

1 

J 
J 

0 

K L Structure D-spacing Theta (deg) 
Factor (A) 

0 0 0.00 0.000 0.000 

0 1 0.00 6.267 7.066 

0 0 0.00 5.558 7.974 

0 1 71.60 4.158 10.685 

1 0 0.00 3.221 13.848 

0 2 190.64 3.134 14.243 

1 I 233.76 2.865 15.611 

1 0 0.00 2.787 16.060 

0 0 232.26 2.779 16.108 

0 2 33.80 2.730 16.407 

1 1 30.66 2.547 17.623 

0 1 3.86 2.540 17.668 

1 2 0.00 2.246 20.075 

I 0 40.11 2.104 21.495 

0 3 0.00 2.089 21.658 

1 2 152.55 2.083 21.729 

0 2 212.24 2.079 21.766 

1 1 237.46 1.995 22.738 

0 J 194.77 1.956 23.220 

0 0 0.00 1.853 24.593 

0 1 97.41 1.777 25.720 

I 
•y 
J 165.30 1.753 26.096 
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IraSis 
Space Group: P2,/c No. 14 
a = 6.406 A b= 14.162 A c= 11.553 A p = 116.69° 

Density = 10.17 grm/cm^ 
M = 64 

Atomic Positions in Unit Cell 

atom U V W 

Ir 1 0.4275 0.4024 0.1109 

I r 2  0.5655 0.5942 0.3962 

I r 3  0.9528 0.7521 0.2440 

I r 4  0.08273 0.9557 0.2730 

I r 5  0.2367 0.6676 0.1340 

I r 6  0.2333 0.8351 0.9925 

Si 1 0.9263 0.8400 0.0669 

Si 2 0.7450 0.4903 0.5760 

Si 3 0.8636 0.6099 0.3272 

Si 4 0.3304 0.9427 0.1645 

Si 5 0.8596 0.6127 0.1081 

Si 6 0.3547 0.9354 0.5102 

Si 7 0.9515 0.6508 0.9084 

Si 8 0.2565 0.9875 0.7037 

Si 9 0.3849 0.7498 0.8572 

Si 10 0.5549 0.7797 0.1892 

* * 4 8  o t h e r  a t o m s  i n  t h e  u n i t  c e l l  a t  l o c a t i o n s  g i v e n  b y  e a c h  o f  t h e  a t o m  e l e m e n t s  a b o v e  
in the following three formulas; 

1) 
2) 
3) 

-U, V + 0.5,-W + 0.5 
-U, -V, -W 
U, -V + 0.5, W + 0.5 



0 
0 

0 

0 

0 
0 

0 

- I  

I 
0 

0 

0 
0 

-1 

1 

-I 

1 

1 

- 1  

1 

-1  

1 

-1 

0 
0 

-1  

1 

0 

K L Structure 
Factor 

0 0 0.00 

1 0 0.00 

-1 0 0.00 

0 1 0.00 

0 -1 0.00 

0 I 0.00 

1 I 58.07 

1 -I 58.07 

-1 1 58.07 

-1 -1 58.07 

2 8.21 

-2 8.21 

0 I 0.00 

0 -1 0.00 

2 1 58.48 

2 58.48 

-2 1 58.48 

-2 58.48 

1 1 51.68 

1 -1 51.68 

-1 1 51.68 

-I -1 51.68 

0 0 108.97 

0 0 108.97 

I 0 281.88 

1 0 281.88 

-1 0 281.88 

-1 0 281.88 

0 2 115.28 

0 -2 115.28 

0 2 176.19 

0 -2 176.19 

1 2 43.59 

D-spacing Theta (deg) 
(A) 

0.000 0.000 

14.162 3.121 

14.162 3.121 

10.322 4.284 

10.322 4.284 

10.322 4.284 

8.342 5.303 

8.342 5.303 

8.342 5.303 

8.342 5.303 

7.081 6.251 

7.081 6.251 

6.362 6.961 

6.362 6.961 

5.839 7.587 

5.839 7.587 

5.839 7.587 

5.839 7.587 

5.803 7.635 

5.803 7.635 

5.803 7.635 

5.803 7.635 

5.723 7.742 

5.723 7.742 

5.306 8.354 

5.306 8.354 

5.306 8.354 

5.306 8.354 

5.161 8.592 

5.161 8.592 

5.153 8.605 

5.153 8.605 

4.849 9.149 



0 

-1 

1 

- 1  

1 

-1  

1 
-1  

1 

0 

0 

1 

- 1  

1 

-1 

0 

0 

0 
0 

1 

-I 
0 

0 
0 
0 

- 1  

1 

-1 

1 

I 

-1 

-1 

K L Structure D-spacing Theta (deg) 
Factor (A) 

I -2 43.59 4.849 9.149 

-I 2 43.59 4.849 9.149 

-1 -2 43.59 4.849 9.149 

1 2 89.45 4.843 9.161 

I -2 89.45 4.843 9.161 

-I 2 89.45 4.843 9.161 

-1 -2 89.45 4.843 9.161 

2 1 3.51 4.733 9.376 

2 -1 3.51 4.733 9.376 

-2 1 3.51 4.733 9.376 

-2 -1 3.51 4.733 9.376 

3 0 0.00 4.721 9.400 

-3 0 0.00 4.721 9.400 

2 0 318.11 4.451 9.974 

2 0 318.11 4.451 9.974 

-2 0 318.11 4.451 9.974 

-2 0 318.11 4.451 9.974 
«> 
J 1 107.23 4.293 10.346 

3 -I 107.23 4.293 10.346 
-J 1 107.23 4.293 10.346 
-J 107.23 4.293 10.346 

0 1 0.00 4.259 10.429 

0 0.00 4.259 10.429 

2 2 2.24 4.171 10.653 

2 -2 2.24 4.171 10.653 

-2 2 2.24 4.171 10.653 

-2 -2 2.24 4.171 10.653 

2 2 85.60 4.167 10.664 

2 -2 85.60 4.167 10.664 

-2 2 85.60 4.167 10.664 

-2 -2 85.60 4.167 10.664 

1 I 68.91 4.079 10.896 

1 -1 68.91 4.079 10.896 

-1 -1 68.91 4.079 10.896 



0 

0 

0 

0 

0 

0 

-1  

I 
-1 

1 

0 

0 

0 

0 

0 

K L Structure D-spacing Theta (deg) 
Factor (A) 

-1 -1 68.91 4.079 10.896 

0 J 0.00 3.797 11.717 

0 -3 0.00 3.797 11.717 

3 1 223.85 3.791 11.734 
-» 
J -I 223.85 3.791 11.734 

-3 1 223.85 3.791 11.734 

-3 -1 223.85 3.791 11.734 

1 3 121.14 3.667 12.137 

I -3 121.14 3.667 12.137 

-1 3 121.14 3.667 12.137 

-1 -J 121.14 3.667 12.137 

2 I 136.34 3.650 12.195 

2 -1 136.34 3.650 12.195 

-2 1 136.34 3.650 12.195 

-2 -I 136.34 3.650 12.195 

3 0 24.80 3.642 12.223 

3 0 24.80 3.642 12.223 

-3 0 24.80 3.642 12.223 

-3 0 24.80 3.642 12.223 

4 0 357.85 3.541 12.578 

-4 0 357.85 3.541 12.578 

J 2 563.55 3.483 12.788 

3 -2 563.55 3.483 12.788 

-3 2 563.55 3.483 12.788 

-J -2 563.55 3.483 12.788 

J 2 575.69 3.481 12.797 
-) -2 575.69 3.481 12.797 

-3 2 575.69 3.481 12.797 

-J -2 575.69 3.481 12.797 

0 3 0.00 3.441 12.949 

0 -3 0.00 3.441 12.949 

4 I 406.36 3.349 13.310 

4 -1 406.36 3.349 13.310 

-4 1 406.36 3.349 13.310 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

0 -4 -1 406.36 3.349 13.310 

-1 2 3 507.69 3.346 13.322 

1 2 -3 507.69 3.346 13.322 

-I -2 3 507.69 3.346 13.322 

1 -2 -3 507.69 3.346 13.322 
0 1 3 298.57 3.343 13.333 

0 I -3 298.57 3.343 13.333 

0 -I 3 298.57 3.343 13.333 

0 -I -3 298.57 3.343 13.333 

I 0 2 970.80 3.187 14.002 

-I 0 -2 970.80 3.187 14.002 

-2 0 2 1024.32 3.181 14.027 

2 0 -2 1024.32 3.181 14.027 

I J 1 363.59 3.162 14.111 

-1 J -1 363.59 3.162 14.111 

1 -3 1 363.59 3.162 14.111 

-1 -3 363.59 3.162 14.111 

-2 0 1 0.00 3.145 14.189 

2 0 -1 0.00 3.145 14.189 

I 1 2 531.37 3.109 14.359 

-1 I -2 531.37 3.109 14.359 

1 -1 2 531.37 3.109 14.359 

-I -I -2 531.37 3.109 14.359 

-2 I 2 549.54 3.104 14.384 

2 1 -2 549.54 3.104 14.384 

-2 -I 2 549.54 3.104 14.384 

2 -1 -2 549.54 3.104 14.384 

0 2 3 320.85 3.095 14.426 

0 2 -3 320.85 3.095 14.426 

0 -2 3 320.85 3.095 14.426 

0 -2 -3 320.85 3.095 14.426 

-I 4 I 251.96 3.094 14.431 

1 4 -I 251.96 3.094 14.431 

-1 -4 1 251.96 3.094 14.431 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

1 -4 251.96 3.094 14.431 

-2 1 1 157.78 3.071 14.543 
2 I 157.78 3.071 14.543 
-2 -I 1 157.78 3.071 14.543 

2 -1 -1 157.78 3.071 14.543 

1 4 0 617.52 3.011 14.836 
-1 4 0 617.52 3.011 14.836 

1 -4 0 617.52 3.011 14.836 
-1 -4 0 617.52 3.011 14.836 

-I J 3 123.19 2.958 15.106 
1 3 -3 123.19 2.958 15.106 

-1 -J J 123.19 2.958 15.106 
I -3 'J 123.19 2.958 15.106 

-2 0 J 0.00 2.944 15.180 

2 0 -3 0.00 2.944 15.180 
0 4 2 578.95 2.920 15.312 
0 4 -2 578.95 2.920 15.312 
0 -4 2 578.95 2.920 15.312 
0 -4 -2 578.95 2.920 15.312 

4 2 604.82 2.918 15.320 

1 4 -2 604.82 2.918 15.320 

-4 2 604.82 2.918 15.320 

1 -4 -2 604.82 2.918 15.320 
1 2 2 63.73 2.906 15.386 

2 -2 63.73 2.906 15.386 

1 -2 2 63.73 2.906 15.386 

-2 -2 63.73 2.906 15.386 

-2 2 2 0.79 2.902 15.409 

2 2 -2 0.79 2.902 15.409 

-2 -2 2 0.79 2.902 15.409 

2 -2 -2 0.79 2.902 15.409 

-1 0 4 782.37 2.888 15.482 

1 0 -4 782.37 2.888 15.482 

-2 I J 343.71 2.883 15.512 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

2 1 -3 343.71 2.883 15.512 

-2 -1 J 343.71 2.883 15.512 
2 -1 -J 343.71 2.883 15.512 

-2 2 I 261.99 2.875 15.558 

2 2 -1 261.99 2.875 15.558 

-2 -2 I 261.99 2.875 15.558 

2 -2 -I 261.99 2.875 15.558 

2 0 0 114.35 2.862 15.630 

-2 0 0 114.35 2.862 15.630 

0 5 0 0.00 2.832 15.795 

0 -5 0 0.00 2.832 15.795 

-1 I 4 62.29 2.830 15.809 

1 1 -4 62.29 2.830 15.809 

-I -1 4 62.29 2.830 15.809 

I -1 -4 62.29 2.830 15.809 

2 1 0 121.17 2.805 15.954 

-2 1 0 121.17 2.805 15.954 

2 -1 0 121.17 2.805 15.954 

-2 -1 0 121.17 2.805 15.954 

2 -1 0 121.17 2.805 15.954 
0 J J 445.19 2.781 16.098 

0 3 -3 445.19 2.781 16.098 

0 -3 3 445.19 2.781 16.098 

0 -y 
"J -3 445.19 2.781 16.098 

0 5 1 86.19 2.731 16.395 
0 5 -1 86.19 2.731 16.395 

0 -5 1 86.19 2.731 16.395 

0 -5 -1 86.19 2.731 16.395 

1 4 1 94.81 2.723 16.450 

-1 4 94.81 2.723 16.450 

1 -4 1 94.81 2.723 16.450 

-1 -4 94.81 2.723 16.450 

-2 2 3 118.85 2.719 16.474 

2 2 -J 118.85 2.719 16.474 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

-2 -2 3 118.85 2.719 16.474 

2 -2 -3 118.85 2.719 16.474 

-1 2 4 133.84 2.674 16.756 

1 2 -4 133.84 2.674 16.756 

-1 -2 4 133.84 2-674 16.756 

I -2 -4 133.84 2.674 16.756 

2 2 0 195.30 2.653 16.893 

-2 2 0 195.30 2.653 16.893 

2 -2 0 195.30 2.653 16.893 

-2 -2 0 195.30 2.653 16.893 

1 3 2 190.61 2.641 16.973 

-1 3 -2 190.61 2.641 16.973 

I •-» -J 2 190.61 2.641 16.973 

-1 -J -2 190.61 2.641 16.973 

-2 n J 2 138.83 2.638 16.994 

2 N J -2 138.83 2.638 16.994 

-2 -J 2 138.83 2.638 16.994 

2 -J -2 138.83 2.638 16.994 

-2 •> J I 163.37 2.618 17.131 

2 J -1 163.37 2.618 17.131 

.2 -J I 163.37 2.618 17.131 

2 -J -I 163.37 2.618 17.131 

-1 4 J 255.07 2.589 17.323 

1 4 -3 255.07 2.589 17.323 
1 

-1 -4 J 255.07 2.589 17.323 

1 -4 •> -J 255.07 2.589 17.323 

-I 5 I 132.37 2.588 17.335 

1 5 -1 132.37 2.588 17.335 

-1 -5 I 132.37 2.588 17.335 

1 -5 -1 132.37 2.588 17.335 

0 0 4 42.46 2.581 17.384 

0 0 -4 42.46 2.581 17.384 

-2 0 4 63.91 2.577 17.412 

2 0 -4 63.91 2.577 17.412 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

0 1 4 159.20 2.539 17.680 

0 1 -4 159.20 2.539 17.680 

0 -I 4 159.20 2.539 17.680 

0 -1 -4 159.20 2.539 17.680 

I 5 0 313.66 2.539 17.681 

-1 5 0 313.66 2.539 17.681 

1 -5 0 313.66 2.539 17.681 

-1 -5 0 313.66 2.539 17.681 

-2 1 4 274.54 2.535 17.707 

2 I -4 274.54 2.535 17.707 

-2 -I 4 274.54 2.535 17.707 

2 -1 -4 274.54 2.535 17.707 

-2 3 3 383.65 2.498 17.975 

2 3 -J 383.65 2.498 17.975 

-2 -3 3 383.65 2.498 17.975 

2 -3 -J 383.65 2.498 17.975 

1 0 J 0.00 2.495 17.999 

-1 0 -3 0.00 2.495 17.999 

2 0 1 0.00 2.485 18.073 

-2 0 -1 0.00 2.485 18.073 

0 5 2 316.74 2.483 18.090 

0 5 -2 316.74 2.483 18.090 

0 -5 2 316.74 2.483 18.090 

0 -5 -2 316.74 2.483 18.090 

-1 5 2 180.16 2.482 18.096 

1 5 -2 180.16 2.482 18.096 

-I -5 2 180.16 2.482 18.096 

I -5 180.16 2.482 18.096 

0 4 3 112.44 2.467 18.208 

0 4 -3 112.44 2.467 18.208 

0 -4 3 112.44 2.467 18.208 

0 -4 -3 112.44 2.467 18.208 

-1 3 4 33.65 2.464 18.237 

1 J -4 33.65 2.464 18.237 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

-1 -J 4 33.65 2.464 18.237 

I -3 -4 33.65 2.464 18.237 

I 1 3 361.34 2.457 18.286 

-1 I -J 361.34 2.457 18.286 

1 -1 J 361.34 2.457 18.286 

-1 -1 -3 361.34 2.457 18.286 

2 1 I 284.90 2.448 18.359 

-2 I -I 284.90 2.448 18.359 

2 -1 I 284.90 2.448 18.359 

-2 -1 -1 284.90 2.448 18.359 

2 3 0 552.22 2.447 18.364 

-2 3 0 552.22 2.447 18.364 

2 -3 0 552.22 2.447 18.364 

-2 -> -J 0 552.22 2.447 18.364 

0 2 4 237.77 2.425 18.542 

0 2 -4 237.77 2.425 18.542 

0 -2 4 237.77 2.425 18.542 

0 -2 -4 237.77 2.425 18.542 

-2 2 4 162.71 2.421 18.568 

2 2 -4 162.71 2.421 18.568 

-2 -2 4 162.71 2.421 18.568 

2 -2 -4 162.71 2.421 18.568 

1 4 2 19.29 2.369 18.997 

-1 4 -2 19.29 2.369 18.997 

1 -4 2 19.29 2.369 18.997 

-I -4 -2 19.29 2.369 18.997 

-2 4 2 14.89 2.366 19.016 

2 4 -2 14.89 2.366 19.016 

-2 -4 2 14.89 2.366 19.016 

2 -4 -2 14.89 2.366 19.016 

1 5 I 156.41 2.359 19.080 

-1 5 -1 156.41 2.359 19.080 

1 -5 1 156.41 2.359 19.080 

-1 -5 -I 156.41 2.359 19.080 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

1 2 3 275.94 2.353 19.124 

-1 2 -3 275.94 2.353 19.124 

1 -2 3 275.94 2.353 19.124 

-1 -2 -3 275.94 2.353 19.124 

-2 4 I 98.11 2.351 19.140 

2 4 -1 98.11 2.351 19.140 

-2 -4 1 98.11 2.351 19.140 
2 -4 -1 98.11 2.351 19.140 

2 2 1 248.07 2.345 19.195 
-2 2 248.07 2.345 19.195 

2 -2 I 248.07 2.345 19.195 

-2 -2 -1 248.07 2.345 19.195 
0 5 0.00 2.299 19.591 

1 0 -5 0.00 2.299 19.591 

-1 5 3 98.66 2.270 19.853 

1 5 -3 98.66 2.270 19.853 

-1 -5 3 98.66 2.270 19.853 

1 -5 -3 98.66 2.270 19.853 

-I 1 5 26.88 2.270 19.859 

1 I -5 26.88 2.270 19.859 

-1 5 26.88 2.270 19.859 

1 -I -5 26.88 2.270 19.859 

0 J 4 46.85 2.264 19.908 

0 J -4 46.85 2.264 19.908 

0 -3 4 46.85 2.264 19.908 

0 n -J -4 46.85 2.264 19.908 

-2 4 3 381.42 2.264 19.911 

2 4 -3 381.42 2.264 19.911 

-2 -4 3 381.42 2.264 19.911 

2 -4 -3 381.42 2.264 19.911 

-2 3 4 3.22 2.262 19.932 

2 3 -4 3.22 2.262 19.932 

-2 -J 4 3.22 2.262 19.932 

2 -3 -4 3.22 2.262 19.932 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

-1 4 4 77.68 2.238 20.151 

1 4 -4 77.68 2.238 20.151 

-1 -4 4 77.68 2.238 20.151 
1 -4 -4 77.68 2.238 20.151 

2 4 0 231.21 2.226 20.268 

-2 4 0 231.21 2.226 20.268 
2 -4 0 231.21 2.226 20.268 

-2 -4 0 231.21 2.226 20.268 

-2 0 5 0.00 2.210 20.415 

2 0 -5 0.00 2.210 20415 

I 3 3 29.53 2.206 20.457 

-1 3 -3 29.53 2.206 20.457 

1 -J J 29.53 2.206 20.457 

-1 -3 -3 29.53 2.206 20.457 

2 3 1 129.22 2.199 20.524 
-2 3 -I 129.22 2.199 20.524 

2 -3 1 129.22 2.199 20.524 

-2 -J -1 129.22 2.199 20.524 

-I 2 5 0.60 2.187 20.643 

1 2 -5 0.60 2.187 20.643 

-1 -2 5 0.60 2.187 20.643 

1 -2 -5 0.60 2.187 20.643 

0 5 3 255.08 2.187 20.645 

0 5 -3 255.08 2.187 20.645 
0 -5 J 255.08 2.187 20.645 

0 -5 -J 255.08 2.187 20.645 

-2 1 5 141.84 2.184 20.674 

2 1 -5 141.84 2.184 20.674 

-2 -I 5 141.84 2.184 20.674 

2 -1 -5 141.84 2.184 20.674 

2 0 2 12.72 2.130 21.224 

-2 0 -2 12.72 2.130 21.224 
-J 0 2 58.74 2.127 21.253 

•> J 0 -2 58.74 2.127 21.253 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

-3 0 3 0.00 2.121 21.319 
3 0 -3 0.00 2.121 21.319 

1 5 2 263.19 2.117 21.358 

-1 5 -2 263.19 2.117 21.358 

1 -5 2 263.19 2.117 21.358 

-1 -5 -2 263.19 2.117 21.358 

-2 5 2 197.39 2.115 21.375 

2 5 -2 197.39 2.115 21.375 

-2 -5 2 197.39 2.115 21.375 

2 -5 -2 197.39 2.115 21.375 
-2 2 5 42.89 2.110 21.433 

2 2 -5 42.89 2.110 21.433 

-2 -2 5 42.89 2.110 21.433 

2 -2 -5 42.89 2.110 21.433 

2 1 2 201.10 2.106 21.475 

-2 1 -2 201.10 2.106 21.475 

2 -1 2 201.10 2.106 21.475 

-2 -I -2 201.10 2.106 21.475 

-2 5 1 125.39 2.105 21.488 

2 5 -I 125.39 2.105 21.488 

-2 -5 I 125.39 2.105 21.488 

2 -5 -1 125.39 2.105 21.488 

-3 1 2 169.70 2.103 21.503 
3 1 -2 169.70 2.103 21.503 

-3 -1 2 169.70 2.103 21.503 
J -I -2 169.70 2.103 21.503 

-3 1 3 200.36 2.097 21.569 

3 1 -3 200.36 2.097 21.569 

'J -1 3 200.36 2.097 21.569 

3 -1 -3 200.36 2.097 21.569 

0 4 4 675.77 2.085 21.698 
0 4 -4 675.77 2.085 21.698 

0 -4 4 675.77 2.085 21.698 
0 -4 -4 675.77 2.085 21.698 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

-2 4 4 745.63 2.083 21.721 

2 4 -4 745.63 2.083 21.721 

-2 -4 4 745.63 2.083 21.721 

2 -4 -4 745.63 2.083 21.721 

-1 3 5 231.48 2.067 21.899 

I 3 -5 231.48 2.067 21.899 

-I -3 5 231.48 2.067 21.899 

1 -J -5 231.48 2.067 21.899 
0 0 5 0.00 2.064 21.930 

0 0 -5 0.00 2.064 21.930 

-3 0 1 0.00 2.048 22.119 
J 0 -1 0.00 2.048 22.119 
0 1 5 4.42 2.043 22.174 

0 1 -5 4.42 2.043 22.174 

0 -I 5 4.42 2.043 22.174 

0 -1 -5 4.42 2.043 22.174 

-2 5 3 304.86 2.041 22.191 

2 5 -3 304.86 2.041 22.191 

-2 -5 J 304.86 2.041 22.191 

2 -5 -3 304.86 2.041 22.191 
1 4 J 532.55 2.040 22.211 

-1 4 -3 532.55 2.040 22.211 
1 -4 3 532.55 2.040 22.211 
-1 -4 -3 532.55 2.040 22.211 
2 2 2 399.10 2.039 22.212 
-2 2 -2 399.10 2.039 22.212 
2 -2 2 399.10 2.039 22.212 

-2 .2 -2 399.10 2.039 22.212 
-J 2 2 451.57 2.037 22.240 
3 2 -2 451.57 2.037 22.240 
-J -2 2 451.57 2.037 22.240 
J -2 -2 451.57 2.037 22.240 
1 0 4 805.90 2.035 22.266 
-1 0 -4 805.90 2.035 22.266 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

2 4 1 91.32 2.034 22.274 

-2 4 -1 91.32 2.034 22.274 

2 -4 I 91.32 2.034 22.274 

-2 -4 -1 91.32 2.034 22.274 
-3 2 3 437.83 2.032 22.304 
3 2 -3 437.83 2.032 22.304 
-3 -2 3 437.83 2.032 22.304 
3 -2 -3 437.83 2.032 22.304 

-3 0 4 736.86 2.031 22.310 
3 0 -4 736.86 2.031 22.310 
-3 1 1 299.32 2.027 22.362 

J 1 -1 299.32 2.027 22.362 
-3 -I 1 299.32 2.027 22.362 
J -1 -1 299.32 2.027 22.362 

-I 5 4 50.00 2.022 22.411 

1 5 -4 50.00 2.022 22.411 
-5 4 50.00 2.022 22.411 

I -5 -4 50.00 2.022 22.411 
1 1 4 233.65 2.014 22.507 

1 -4 233.65 2.014 22.507 

1 -1 4 233.65 2.014 22.507 
-I -1 -4 233.65 2.014 22.507 

2 5 0 28.75 2.013 22.519 
-2 5 0 28.75 2.013 22.519 
2 -5 0 28.75 2.013 22.519 
-2 -5 0 28.75 2.013 22.519 
-3 1 4 130.41 2.010 22.551 
3 1 -4 130.41 2.010 22.551 
-3 -1 4 130.41 2.010 22.551 
3 -1 -4 130.41 2.010 22.551 

-2 3 5 485.02 2.002 22.654 

2 3 -5 485.02 2.002 22.654 
-2 -3 5 485.02 2.002 22.654 
2 -3 -5 485.02 2.002 22.654 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

0 2 5 215.02 1.982 22.894 

0 2 -5 215.02 1.982 22.894 

0 -2 5 215.02 1.982 22.894 

0 -2 -5 215.02 1.982 22.894 

-3 2 1 248.39 1.967 23.077 

3 2 -1 248.39 1.967 23.077 

-3 -2 1 248.39 1.967 23.077 

3 -2 -1 248.39 1.967 23.077 

1 2 4 27.21 1.956 23.219 

-I 2 -4 27.21 1.956 23.219 

1 -2 4 27.21 1.956 23.219 

-1 -2 -4 27.21 1.956 23.219 

-3 2 4 65.49 1.952 23.262 
J 2 -4 65.49 1.952 23.262 

-3 -2 4 65.49 1.952 23.262 

3 -2 -4 65.49 1.952 23.262 

2 3 2 549.16 1.941 23.401 

-2 J -2 549.16 1.941 23.401 

2 -3 2 549.16 1.941 23.401 

-2 -J -2 549.16 1.941 23.401 

-3 J 2 583.73 1.939 23.427 

3 3 -2 583.73 1.939 23.427 

-3 -3 2 583.73 1.939 23.427 
J -J -2 583.73 1.939 23.427 

-3 3 J 160.05 1.934 23.488 
J N J -3 160.05 1.934 23.488 
-J 'I -J J 160.05 1.934 23.488 

3 -3 -3 160.05 1.934 23.488 

-1 4 5 554.13 1.928 23.567 

1 4 -5 554.13 1.928 23.567 

-1 -4 5 554.13 1.928 23.567 

I -4 -5 554.13 1.928 23.567 
J 0 0 90.83 1.908 23.836 

-3 0 0 90.83 1.908 23.836 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

0 5 4 69.12 1.908 23.840 

0 5 -4 69.12 1.908 23.840 
0 -5 4 69.12 1.908 23.840 
0 -5 -4 69.12 1.908 23.840 

-2 5 4 16.11 1.906 23.861 

2 5 -4 16.11 1.906 23.861 

-2 -5 4 16.11 1.906 23.861 

2 -5 -4 16.11 1.906 23.861 

0 3 5 502.50 1.891 24.056 
0 -> J -5 502.50 1.891 24.056 
0 -3 5 502.50 1.891 24.056 
0 -3 -5 502.50 1.891 24.056 
J I 0 818.55 1.891 24.065 
-3 I 0 818.55 1.891 24.065 
3 -1 0 818.55 1.891 24.065 

-3 -1 0 818.55 1.891 24.065 
'y 
-J 0 5 0.00 1.885 24.137 

3 0 -5 0.00 1.885 24.137 
-3 3 I 35.18 1.879 24.232 
3 3 -1 35.18 1.879 24.232 
-J -J 1 35.18 1.879 24.232 

3 -3 -1 35.18 1.879 24.232 

-2 4 5 389.46 1.875 24.281 

2 4 -5 389.46 1.875 24.281 

-2 -4 5 389.46 1.875 24.281 

2 A -5 389.46 1.875 24.281 

1 5 3 211.52 1.872 24.317 

-I 5 -J 211.52 1.872 24.317 
1 -5 3 211.52 1.872 24.317 

-1 -5 -3 211.52 1.872 24.317 
-3 1 5 50.66 1.869 24.363 
J 1 -5 50.66 1.869 24.363 
-3 -1 5 50.66 1.869 24.363 
3 -1 -5 50.66 1.869 24.363 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

1 3 4 694.96 1.869 24.369 

-1 3 -4 694.96 1.869 24.369 

1 -3 4 694.96 1.869 24.369 

-1 -3 -4 694.96 1.869 24.369 

2 5 1 16.21 1.868 24.376 

-2 5 -1 16.21 1.868 24.376 

2 -5 I 16.21 1.868 24.376 

-2 -5 -1 16.21 1.868 24.376 

-3 3 4 720.20 1.866 24.410 

3 3 -4 720.20 1.866 24.410 

-3 'J 4 720.20 1.866 24.410 
3 -J -4 720.20 1.866 24.410 

3 2 0 89.11 1.842 24.742 

-3 2 0 89.11 1.842 24.742 

3 -2 0 89.11 1.842 24.742 
-J -2 0 89.11 1.842 24.742 
2 0 3 0.00 1.832 24.882 

-2 0 -> -J 0.00 1.832 24.882 

2 4 2 434.75 1.825 24.991 

-2 4 -2 434.75 1.825 24.991 

2 -4 2 • 434.75 1.825 24.991 

-2 -4 -2 434.75 1.825 24.991 

-3 4 2 333.57 1.823 25.016 
J 4 -2 333.57 1.823 25.016 

-3 -4 2 333.57 1.823 25.016 

3 -4 -2 333.57 1.823 25.016 
"J 2 5 315.46 1.822 25.034 

3 2 -5 315.46 1.822 25.034 
-J -2 5 315.46 1.822 25.034 
J -2 -5 315.46 1.822 25.034 
-J 4 J 430.46 1.819 25.074 

3 4 -> -J 430.46 1.819 25.074 

-3 -4 J 430.46 1.819 25.074 

3 -4 -J 430.46 1.819 25.074 



H K L Structure D-spacing Theta (deg) 
Factor (A) 

2 1 3 49.21 1.817 25.104 

-2 1 -3 49.21 1.817 25.104 
2 -I 3 49.21 1.817 25.104 

-2 -1 -3 49.21 1.817 25.104 

-1 5 5 16.17 1.785 25.587 

I 5 -5 16.17 1.785 25.587 

-1 -5 5 16.17 1.785 25.587 

1 -5 -5 16.17 1.785 25.587 
0 4 5 73.80 1.783 25.615 

0 4 -5 73.80 1.783 25.615 

0 -4 5 73.80 1.783 25.615 

0 -4 -5 73.80 1.783 25.615 

2 2 3 279.03 1.774 25.761 

-2 2 -3 279.03 1.774 25.761 

2 -2 3 279.03 1.774 25.761 

-2 -2 -V -J 279.03 1.774 25.761 

-3 4 1 10.11 1.773 25.783 
J 4 -1 10.11 1.773 25.783 

-J -4 1 10.11 1.773 25.783 
J -4 -1 10.11 1.773 25.783 

3 J 0 113.39 1.769 25.841 

-3 3 0 113.39 1.769 25.841 

3 -3 0 113.39 1.769 25.841 

-3 -J 0 113.39 1.769 25.841 

1 4 4 7.12 1.764 25.914 

-1 4 -4 7.12 1.764 25.914 

1 -4 4 7.12 1.764 25.914 

-1 -4 -4 7.12 1.764 25.914 

-3 4 4 5.72 1.762 25.954 

3 4 -4 5.72 1.762 25.954 
-J -4 4 5.72 1.762 25.954 

3 -4 -4 5.72 1.762 25.954 

-3 3 5 422.49 1.751 26.125 
J J -5 422.49 1.751 26.125 
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Cleaning procedure for devices with processed guard-rings 

1) Pirahna etch 
6 parts H2SO4 with 1 part HiO, (high heat of reaction) 
wafer immersed for 2 minutes to remove residual photoresist 

2) Rinse thoroughly with deionized HjO 

3) 1 part HF (49 %) with 50 parts deionized HiO 
wafer immersed for 1 minute to remove residual oxide 

4) 1 part NH4OH with 1 part HiO, with 5 parts deionized HjO 
heat solution to 80 °C 
wafer immersed for 10 minutes at -80 °C 

5) Rinse thoroughly with deionized HiO 

6) 1 part HF with 50 parts deionized HiO 
wafer immersed for 1 minute to remove oxide 

7) Rinse thoroughly with deionized H^O 

8) 1 part HCL with 1 part HiO, with 5 parts deionized HiO 
heat solution to 80 °C 
wafer immersed for 10 minutes at ~80 °C 

9) Rinse thoroughly with deionized HjO 

10) 3 parts HF (49 %) with 50 parts deionized H^O 
wafer immersed for 2 minutes to remove all oxide 

11) Spin-dry wafer at 5000 RPM for ~30 seconds 
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