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CHAPTER I 

ESITRODUCTION 

1.1 Introduction 

Diamond is well known for its hardness, thermal conductivity, low thermal 

expansion and good chemical inertness. These properties along with its optical 

transparency from UV to far infra red regions makes it a desirable material for many optical 

applications [1]. These unique properties have also made CVD diamond a desirable 

candidate for supersonic missile domes, which have to withstand severe environmental 

conditions, and thermal and mechanical stresses [2]. Diamond films show high electron and 

hole conductivity, and recent successes in doping CVD diamond with Boron (p-type) has 

opened up avenues to newer applications. These applications include devices like blue light 

emitting diodes (LED s), high temperature resistors and as suostrate material for devices 

operating at high speeds and microelectronics circuitry. 

Many such applicafions have excited interest in diamond fihns. Advances made in 

low pressure low temperature CVD techniques that allow films to be deposited over large 

areas has also renewed interest in diamond films. 

At present the diamond films grown by CVD techniques are highly defective, 

containing a relatively high concentration of impurities and crystal defects. In fact with the 

exception of epitaxial films grown on single crystal substrates, all CVD diamond films are 

polycrystalline. Therefore one would expect their properties to be different, and in some 

respects inferior, compared to those of high purity single crystal diamond. This is 



especially tme of some electronic and optical properties where trace amounts of certain 

impurities, or minute concentrations of defects can have significant effect. Recent efforts 

have been focused on refining the various CVD techniques to reduce the defeci density and 

deposit high quality diamond films, which are indispensable for the above mentioned 

applications. 

At present, although there has been considerable research into growth rates and 

kinetics of CVD growth, much research is needed to characterize these films for their 

crystalline diamond properties and other characterisfics typical to CVD diamond. An 

understanding of the defects present and their origins will help improve the diamond film 

quality and enhance understanding of performance in various devices. 

This chapter gives an overview of the present understanding of the stmcture of 

CVD diamond and the photoluminescence characterization work done by other researchers 

in this field. 

1.2 Stmcture of CVD grown diamond films 

Diamond films grown by various CVD methods are polycrystalline in nature. The 

crystalline stmcture of diamond is well known. The diamond crystallites present in the 

films vary in size and spatial orientafion depending on growth conditions. CVD diamond 

films studied by secondary electron imaging and cathodoluminescence, also show randomly 

oriented crystallites of the order of about lO îm in size, and large spatial separations [3]. In 

situ spectroscopy using X-ray Photoemission (XPS), Auger electron spectroscopies (AES) 

and micro stmctural characterization by scanning electron microscopy and Raman 



spectroscopy [4], also show well faceted crystallites due to the cubic crystalline nature of 

diamond interspersed with non diamond phases. Diamond has a distinctive first order 

Raman line at 1332 cm'\ In addition to this a non-diamond Raman feature at about 1550 

cm'̂  is frequently reported, and is associated with C-C sp^ bonding. Thus the diamond 

films have sp^ hybridized carbon atoms bonded in a diamond lattice interspersed with 

regions of amorphous carbon (a-C). 

Diamond has a known optical band gap of about 5.5 eV. Therefore if diamond is 

excited with subband gap light, one would expect PL only due to defect related electronic 

levels in the band gap. The a-C regions could be another possible site for PL processes. 

There have been a number of models proposed to explain the stmcture of a-C that would 

lead to PL. Some of the recent ones include the domain model of Egmn [5], the domain 

model of Stenhouse and Grout [6], the random network models of Beeman et al.[7], and 

the cluster model of Robertson and O'Reilly [8]. 

Egmn [5] model, based on X-ray diffracfion studies of glassy carbon, suggests that 

glassy carbon consists of strained graphite layers stacked in a disordered manner. No sp^ 

sites exist in this model. Stenhouse and Grout [6] model proposes that a-C could be 

considered as microcrystallites of graphite interlinked by sp^ bonded random network. This 

model overestimates the sp regions in case of small crystallites. Beeman et al [7] 

constmcted four random networks with varying sp and sp sites intimately mixed. They 

used these networks to calculate radial distribution functions and scattering intensity and 

comparing it vsdth experimental data. Although these network models are insightful into 

the types of disorder in a-C, they lack sufficient correlation between their sp^ sites. 



Robertson and O'Reilly [8] studied the local density of states of diamond, graphite, and the 

four random networks of Beeman et al. They proposed a cluster model based upon the 

energetics of n; bonding and the fact that a gap in the n states exists in a-C and a-C:H. 

According to this model sp^ sites in a-C and a-C:H are segregated into clusters embedded 

in a sp bonded matrix. The size of the clusters determines the band gap. 

As mentioned before, a-C and a-C:H contain sp̂  and sp^ sites. The sp^ sites and sp 

sites are connected together by a bonds which form the skeleton of the random network. 

The sp sites also possess n states which form n bonds with neighboring sp sites. The a 

bonds form the backbone of the random network, because their energetics are local. The n 

states are more weakly bound and often delocalized. The filled n states form the valence 

band and the empty n states form the conduction band. Therefore they control the 

electronic properties like band gap. 

Accordmg to Robertson [8], the n bonds favor the segregation of the sp sites into 

clusters, embedded in a sp^ bonded matrix. The band gap varies with the size of cluster. In 

general, the band gap decreases as the cluster size increases. A range of cluster sizes is 

expected in any sample. This implies a distribution of Eg values of the clusters. The 

presence of sp bonded clusters in a-C creates large fluctuations in the local band edges. 

These will cause strong localization of states around the gap, particularly in a-C:H which 

has a similar proportion of sp and sp sites. A schematic band diagram of a-C: His shown 

in Figure 1.1a and the corresponding density of states is shown in Figure 1. lb [9]. The sp^ 

sites lie symmetrically about the mid gap and their local optical bands vary inversely with 

cluster size. The gap of the sp^ hybridized a phase is over 6 eV. It acts as a barrier 
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Figure 1.1 Schematic band diagram and corresponding density of states of a-C:H. 



between each n cluster and tends to localize n states within each cluster. So the optical 

band edges will depend primarily on the width of the sp^ barriers. 

1.3 Photoluminescence features of CVD diamond films 

When CVD diamond films are excited by visible light, at room temperature, a broad 

band photoluminescence (PL) is generally observed. After the films are cooled to low 

temperature (~ 20 K), the PL is seen to consist of the broad band PL (similar in shape to 

the broad band PL observed at room temperature) and a number of sharp PL peaks. The 

sharp bands in the PL spectra at 1.945 eV and 2.155 eV have been observed in natural 

diamond as well and have been attributed to nitrogen related defects [10,11]. The origin of 

the sharp peak at 1.681 eV has also been extensively studied and is believed to be due to an 

optical center consisfing one or more silicon atoms, and nitrogen [12-16]. In the arcjet 

CVD and hot filament grown diamond films a new series of sharp peaks around 1.7 eV 

have been observed [17-20]. These sharp peaks are absent in the PL spectra of the 

microwave CVD grown samples [18]. This series is believed to be due to contamination of 

the sample with tungsten. Beyond this litfie work has been done to study this red 

luminescence band. 

The broad band PL centered about 1.8 eV is observed in all CVD diamond films. 

The origin of this emission is still unclear and a source of debate. In diamond films wath 

high nitrogen concentrations, the broad band PL is believed to be from vibronic interaction 

of the nitrogen centers [21]. In undoped films the origin of the broad band could be due to 

the disordered carbon phase present in the polycrystalline films [3,21]. 



The objective of the present study is to gain some insight into the origin and nature 

of the sharp luminescence about 1.7 eV and to gain further understanding of the origin of 

the broad band PL observed in the polycrystalline diamond films. A number of diamond 

films grown by arcjet CVD, and microwave CVD techniques were studied. Temperature 

dependent studies were done to gain further insights into the behavior of the sharp peaks 

around 1.7 eV. Excitafion dependent PL studies were done to establish the origin of the 

broad band PL. A model for the electronic stmcture of a-C:H was applied to the broad 

band PL to verify its origin. 

Many of the impurities and defects, like dangling bonds and nitrogen vacancy 

centers, incorporated into the film during growth are paramagnetic in nature. These can be 

detected by Electron Spin Resonance (ESR) spectroscopy. For this study, ESR was used 

to estimate the paramagnefic defect concentration and gain some understanding of how 

various defects are affected by film quality and morphology. 



CHAPTER II 

EXPERIMENTAL TECHNIQUES 

2.1 Photoluminescence 

Photoluminescence is a sensitive technique for studying defect levels in the band 

gap of a material. Impurity/defect concentrafions of a few parts per million (PPM) can 

give rise to strong PL emissions. This is especially useful in studying wide bandgap 

materials like diamond, since most of the opfical and electronic properties are affected by 

defect levels in the band gap. 

Photoluminescence involves the radiative recombination of electron hole pairs 

created by injection of photons. Photons with sufficient energy are absorbed, and these 

impart their energy to valence band electrons and raise them to the conduction band (or 

some higher energy level). This process is called absorption. These photo excited electron 

hole pairs next recombine. The recombinafion may be a radiative or non-radiative process. 

In radiative transifions, the excess energy is dissipated as photons. Non-radiative 

transifions could be due to thermal quenching, tunneling to defects, Auger recombination 

or surface recombinafion. Thermal quenching accounts for the decrease in the quantum 

efficiency of PL with increasing temperature. The primary cause for thermal quenching is 

the increased mobility of carriers. With an increase in temperature carriers become more 

mobile and can find non-radiative centers more easily. Samples with high defect densities 

offer a larger number of non-radiative paths and thus with increase in temperature, a 

decrease in the PL intensity can be observed. Non-radiative tunneling to defects accounts 
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for the decrease in PL intensity in samples with high defect densities. As the defect density 

increases, the average separation between defects becomes smaller than the average 

separation between the photogenerated carriers, the carriers can easily tunnel to defects and 

ultimately recombine non-radiatively. Auger recombination occurs when the 

recombination of an electron hole pair excites a third carrier up into a higher energy level, 

instead of giving up a photon. Auger recombination is usually present at high excitation 

intensities because it needs a third carrier to participate. Surface recombination occurs 

when there is a high density of recombination centers at the surface to provide a non-

radiative recombination path. 

2.1.1 Instmmentation 

The schematic experimental setup for the continuous wave (cw) PL measurements 

is shown in Figure 2.1. The sample is mounted on a sample holder inside a temperature 

controlled closed cycle Helium refrigeration system. The temperature of the system can be 

controlled between 20 K and 475 K. The sample holder has two fingers to hold the sample 

in a vertical position. The vacuum chamber of the cooling system is connected to a 

mechanical roughing pump. The roughing pump pumps down the vacuum chamber of the 

cooling system to about 30 mTorr before the compressor of the refrigeration system starts 

operating. A radiation shield reduces losses due to radiafion below 80 K. The shield has 

four windows, of which two adjacent ones are used for excitafion and emission during a PL 

experiment. The whole assembly is covered by an aluminum shroud which 
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Figure 2.1 Schematic diagram of the CWPL system. 
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has four quartz windows, through which optical excitation and emission is possible with 

minimum losses. 

For the CWPL measurements, and the excitation dependent work, various lines 

from the Ar ion cw laser, two He-Ne lasers, a He-Cd laser and a mercury lamp were used. 

The 325nm (3.81eV) line from the He-Cd laser, 363 nm (3.41 eV) line from the mercury 

lamp, 457 nm (2.72 eV), 488 nm(2.54 eV) and 514.5 nm (2.41 eV) lines from the Ar ion 

laser (Coherent Innova 90 - lOW), 543 nm (2.29 eV) from a He-Ne laser, and 632.8 nm 

(1.96 eV) from a He-Ne laser were used. For each excitation, appropriate band pass filters 

were used to eliminate radiation from other wavelengths. Proper cut off or notch filters 

were used to block the excitation light scattered off the surface of the sample from entering 

the monochromator. After the PL signal passes through the filter, it is directed to a SPEX 

model 1680 double monochromator by lenses 2 and 3. The monochromator has two sets 

of gratings, one with 600 lines /mm blazed at 600 nm and the other with 1200 lines /mm 

blazed at 400 nm with a dispersion of 1.8nm/mm of exit slit width. The wavelength scan is 

controlled by a computer through an RS-232 interface card. The PL signal is dispersed by 

the monochromator and detected by a Hamamatsu R 2658 InGaAs side on photomultiplier 

tube (PMT). The photomulfiplier tube is air cooled to -10°C to reduce the dark current 

and improve the sensitivity of the tube. The output from the PMT is sent to a Keithley 

picoammeter. The picoammeter outputs an analog voltage signal proportional to the 

current. The output voltage signal is then digitized through analog to digital (A/D) 

converter. The same setup was also used to observe the Raman spectra of the diamond 

films. In Raman spectroscopy, we measure the vibarational frequency as a shift from the 
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incident beam frequency. Raman spectroscopy is a standard tool to study the crystalline 

quality of CVD diamond film. For a good quality diamond film, the Raman spectmm has a 

sharp line at 1332 cm'\ The disordered carbon phase gives rise to a Raman band at about 

1550 cm' . The relative intensity of these two bands gives an idea about the quality of the 

diamond films. The Holographic Notch filter used (Kaiser Optical, Inc.) attenuates the 

laser line and other unwanted scattering by a factor of > 10'*, and allows 80% of other 

wavelengths through. This allowed us to scan close to the incident laser line to record the 

Raman spectra from the samples. 

All the CWPL data reported in this work have been corrected for the system 

spectral response. The Full Width at Half Maximum (FWHM) of the sharp peaks were 

corrected for instmmental resolution. 

2.2 Optical Absorpfion 

Optical absorption measurements can give information about the optical band gap 

of amorphous materials. For the present study opfical absorption measurements were used 

to determine the absorption coefficient at different wavelengths. The optical absorption 

measurements were carried out using a conventional two beam spectrometer (Shimadzu 

model UV-256). For these measurements, a ground quartz film was used as a reference 

sample. The spectrometer actually measures the absorbanc. A, which is defined as 

A = \og^ (2.1) 
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where lo and / are the incident light intensity and the light intensity transmitted through the 

sample, respectively. The light intensity transmitted through the film follows the Beer-

Lambert's law which is given by 

/ = I^e-'^ (2.2) 

where / is the film thickness. The absorption coefficient, a, of the film can be obtained 

from the combination of equations (2.1) and (2.2). 

2.3 Electron Spin Resonance 

Magnetic Resonance is a phenomenon found in magnetic systems that possess both 

magnetic moments and angular momentum. The term resonance implies that the 

phenomenon observed is in tune with the natural frequency of the magnetic system . In this 

case it corresponds to the gyroscopic precession of the magnetic moment in an external 

static magnetic field. 

The ESR experiment measures the interaction of the paramagnetic species placed in 

a stafic magnefic field. The interaction energy of the paramagnetic atom in the constant 

field H is given by the spin Hamiltonian [22] 

H = H elec + H cf + H LS+ H ss + H Zee + H hfs + H Q + H N ( 2 3 ) 

For ESR the main contribution comes from the Zeeman term (H zee) and the 

hyperfine term (Hhfs). At room temperature the contribufion of the remaining terms is 

negligible. Their main contribution is a small perturbation to the Zeeman and hyperfine 

terms. 

The Zeeman interaction energy is given by 
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Hzee=-piH (2.4) 

where H is the magnetic field and p is the magnetic dipole defined as 

p = gPs . (2.5) 

Here s is the spin of the system and g is the Lande's g factor. Lande's g- factor is a tensor 

quantity and maybe anisotropic. In polycrystalline diamond films, the various diamond 

crystallites are randomly oriented. Therefore only one value for the g factor can be 

determined from the ESR spectra. This value is often the average of more than one value. 

Curve fitting can sometimes be used to extract separate g values. 

Thus the Zeeman term can be written as 

Hzee=gPH.S. (2.6) 

In the ESR spectrometer, the sample is placed between the poles of the static 

electromagnet. This field causes a Zeeman splitting of the energy levels available to the 

unpaired electron. The electron can have its magnetic moment (spin) either parallel or 

antiparallel to the magnefic field. The difference in energy is given by the Zeeman term. 

AE = g p H , . (2.7) 

Thus the magnitude of the splitting also varies with the strength of the applied 

magnetic field. Transitions can be induced between the two energy levels by introducing a 

perpendicular oscillatory electromagnetic field with photon energy 

Ephoton = h v . ( 2 . 8 ) 

When the photon energy equals the energy difference of the Zeeman split states, resonant 

absorption of photons takes place 
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h v = g p H,. (2.9) 

There are two variables that can be controlled here. It is typically easier to vary the 

magnefic field Hz, rather than photon energy. Inserting all the constants 

v = gH , . 139.96xl0^GHz/Tesla. 

The free electron value of g is approximately 2, therefore for v= 9.5 GHz H^ =340 mT. 

Electron spin resonance for this study is used to determine the relative spin densities of 

various samples. 

2.3.1 Instmmentation 

The ESR spectrometer used is a home built one. Details maybe found in Dr. P. J. 

Seibt's thesis [23]. The schematic diagram of the major components of the spectometer are 

given in Figure 2.2 . The entire system can be grouped under three broad categories: 

1. the electromagnetic wave components, 

2. the magnetic fields, 

3. signal detection and processing. 

The source of the microwaves is a Varian 2k25 klystron, producing microwave 

energy in the X- band at frequencies from about 8.5 to 10.2 GHz. The microwaves 

generated from the klystron are transported through a standard rectangular waveguide 

(TEio) . The microwaves propagate from the klyston through a ferrite isolator which 

prevents reflected microwaves from reentering the klystron. Next they enter a 20dB 

coupler which shunts some of the microwave energy to a wave meter which can be tuned 

to the microwave frequency, and the frequency can be read off the wave meter 
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Figure 2.2 Schemafic diagram of the ESR spectrometer and accessory instmmentation. 
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dial. After leaving the 20 dB coupler , the microwaves pass through a variable attenuater 

and then to a magic 'T'. 

The magic T is a microwave device with four ports or "arms". It is designed so 

that microwave radiation entering any arm is split in two with half going into each adjacent 

arm, but none going into the arm across from the input. In Figure 2.2, the microwaves 

enter arm 1 and are split into arms 2 and 3. Arm 2 is connected to a tunable load and arm 3 

goes to the resonant cavity. The phase and attenuation in arm 2 is adjusted so that the 

power reflected back from the load arm has its phase changed by 180° so that it cancels the 

waves reflected back by the cavity. The difference in power reflected in arms 2 and 3 is 

thus recombined in the T and exits arm 4 providing the slight mismatch needed to bias the 

crystal detector. At resonance, power is absorbed by the sample so there is more of a 

mismatch and that signal is also present in arm 4. 

A resonant cavity is used to increase the amount of signal one can get from a 

minimum input of microwave energy. Microwave cavities typically have a very large 

quality factor (Q). This Q can be on the order of 5000-10000. They are also easy to 

construct and use. The cavity used in this spectrometer is a TE102 type. The sample is 

placed on the wall of the cavity in the center where the magnitude of the magnetic field is 

the maximum. 

The signal caused by the absorption of microwave energy by the sample is then 

detected by a crystal detector. The detector is simply a diode (1N415E) that is sensitive to 

incident microwave energy. The detector will give a d.c. voltage proportional to the bias 

on it, the 20 KHz signal from the autofrequency controller, and the ESR signal from the 
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sample at resonance. The AFC is responsible for modulating the klystron and providing the 

reference signal. Thus a frequency modulated signal is detected at the other end of the 

spectrometer by the crystal detector. 

The AFC signal from the detector is amplified by two separate amplifiers. The first 

is a low gain operational amplifier with a high input impedance. This preamplified signal 

goes to the main amplifier and then to the signal input of the phase sensitive detector, the 

phase sensitive detector combines the reference signal and the detector signals to generate 

an error voltage proportional to the phase difference between the two input signals. 

The magnetic field can be broken into two parts, the large static field and the small 

modulating field. The stafic field is generated by a Varian V2503 power supply and 

controller connected to a Varian V3400 9- inch electromagnets. The spacing between the 

pole faces is 2.5 inches. The magnet and power supply together are capable of generating a 

variable field that ranges from 0-1.0 Tesla. The controller is capable of varying the field 

sweep center position, the sweep width, and the amount of time required to complete one 

sweep. 

To use lock- in detection, the reference signal has to be impressed on the output 

signal. It is common to modulate the stafic field so that the ESR signal will be modulated 

at a known reference signal. Two modulation coils are placed on the pole faces of the 

electromagnets. These coils serve to add or subtract a small amount from the static field, 

and this signal is picked up. The modulation depth is small, typically 10% of the ESR 

spectrums width. 
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Signal detecfion is accomplished by using lock in detection. The lock-in amplifier 

used in this experiment is an Ithaco 391 A. The ESR signal from the detector is fed into an 

Ithaco 1201 narrow band pre amplifier, and then into the lock-in amplifier. In this 

configurafion, the lock-in output is the first derivative of the ESR signal. The output from 

the lock-in is fed to the computer as the y- axis as the ESR intensity data. The x-axis is 

derived from the magnetic sweep dial. Data taking is automatic, using software written by 

David Smith. 

2.4 Samples Studied 

The samples studied were grown by arcjet and microwave CVD technique. We 

studied seven samples grown by arcjet technique by Norton Corporation MA.(samples 1-7) 

and three samples grown by microwave CVD technique, one by Raytheon Industries 

(sample 8) and two by AsTex Corporation (samples 9 and 10). The samples studied were 

provided by Dr. Naseem, of University of Arkansas, and Dr. Curtis Johnson of Naval Air 

Warfare Center, China Lake. The quality of the samples were determined as the ratio of 

the intensity of the broadband PL maximum intensity to the first order Raman diamond 

line. Table 2.1 briefly summarizes the various samples studied and the various 

characterization techniques employed to study them. 
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Table 2.1 Sample Information base 

Sample 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CVD Growth 

Technique 

Arc Jet 

Arc Jet 

Arc Jet 

Arc Jet 

Arc Jet 

Arc Jet 

Arc Jet 

Microwave 

Microwave 

Microwave 

I(BB)/I(Raman) 

2.08 

0.93 

3.70 

20 

17.5 

0.69 

0.81 

ref [24] 

2.17 

13.5 

Experimental Techniques 

PL, ESR, Raman 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1 Photoluminescence Measurements 

The CVD diamond films 7 and 8 were studied extensively by Dallas [24] using 

Continuous Wave Photoluminescence (CWPL) and Time Resolved Photoluminescence 

(TRPL) techniques. In his study, previously identified nitrogen and silicon related PL 

peaks, and previously unidentified sharp features and the nature of the broadband 

background were discussed. We expanded these studies by performing temperature and 

excitation dependent studies of the CWPL on a series of CVD diamond samples of varied 

quality. We have also performed Raman and ESR spectroscopy, to further understand the 

morphology of the samples. In order to discuss the various PL features of CVD diamond, 

we first present the CWPL spectra of samples 7 and 8. 

When the arcjet (sample 7) and microwave (sample 8) CVD diamond films are 

excited by the green laser line at 2.41 eV from an Argon laser, the characteristic broadband 

PL along with a number of sharp peaks are seen (Figures 3.1, 3.2) [24]. 

Figure 3.1 shows CWPL spectra of the arcjet CVD diamond film (20 K and 300 K) when 

excited at 2.41 eV and spanning the 1.38 to 2.20 eV emission range. Several sharp peaks 

are seen, which we divide into two groups: The first group of sharp features consists of 

two peaks at 1.681 eV and 2.155 eV. The second group is at, 1.688, 1.712, 1.723, 1.735, 

1.741, 1.750, 1.754, 1.759, and 1.772 eV. The weak 1.681 eV peak has been previously 

21 



3 

1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 
Energy (eV) 

Figure 3.1 PL spectra at 20 K and 300 K from the arcjet sample (sample 7). 
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Figure 3.2 PL spectra at 20 K and 300 K for the microwave sample (sample 8). 
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assigned to Si impurities [12-16]. The line at 2.155 eV has been attributed to a nitrogen-

vacancy center containing a single substitutional nitrogen atom and two vacancies(V-N-V) 

[10,11]. A weak phonon sideband structure is also observed centered near 2.08 eV. The 

other sharp features will be discussed in the next section . The broad background will be 

discussed in section 3.3. 

Turning our attenfion to the microwave CVD sample, Figure 3.2 shows the CWPL 

spectra at (20 K and 300 K), excited by 2.41 eV laser light. The 20 K spectra shows sharp 

peaks at 1.681, 1.880, 1.945, and 2.155 eV. These features are superimposed on a broad 

background. The sharp peaks are almost entirely quenched at 300 K. The 1.681 eV 

feature is again related to the presence of silicon. The line at 2.155 eV (and corresponding 

3 sidebands) in Figure 3.2 is the same as what is observed in the arcjet spectrum, except 

that it is more intense. The zero phonon line at 1.945 eV and phonon sidebands at lower 

energy (centered at 1.880 eV) are attributed to substitutional nitrogen-vacancy complex 

(N-V) centers [10]. These bands have been observed in microwave CVD deposited films 

when doped with nitrogen [21], as well as combustion (oxygen acetylene) process 

deposited diamond [25]. In the latter, nitrogen can be atmospheric in origin. 

3.2 Sharp Photoluminescence Features around 1.7 eV 

Although sample 7 showed sharp PL features around 1.7 eV, it was not straight 

forward to obtain the fine structure of the PL emission of the Zero Phonon Line (ZPL) and 

the vibronics corresponding to phonon emission because of the presence of the 1.681 eV 

Si related spectral feature, and the poor signal to noise ratio. From the series of arcjet 
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samples we obtained from The University of Arkansas, we found that sample 2 did not 

show any nitrogen or silicon related PL, and it contained the 1.7 eV sharp PL system with 

very good signal to noise rafio. We used this sample extensively to fully resolve the and 

study the effect of temperature on the intensity and width of the sharp peaks. 

The sharp PL feature around 1.7 eV is composed of lines at 1.663, 1.688, 1.723, 

1.735, 1.741, 1.750, 1.754, andl.759 eV. A detailed spectrum of the 1.60 to 1.80 eV 

region is shown in Figure 3.3. All but the two highest energy lines (1.759 and 1.772 eV) 

lines were previously reported in hot filament CVD polycrystalline diamond, grown on 

silicon substrates with a tungsten carbide filament, but were not assigned [17]. These lines 

may also be present in hot filament CVD films (tungsten filament and nickel substrate) 

where a very low background is obtained [25]. Since the films we studied were grown on 

molybdenum substrate, we conclude that substrate impurities do not play a role in these 

sharp lines. We suggest, rather, that they are related to tungsten incorporated into the 

CVD film due to filament erosion during deposifion [18,19]. Harris et al. [26] also 

observed a 'triplet' of peaks at 1.729, 1.707, and 1.679 eV at room temperature, in hot 

filament CVD films. These films were grown in a CVD chamber using a tungsten carbide 

filament. When they grew a set of CVD films under idenfical conditions using a tantalum 

carbide filament, they did not see these peaks in their PL spectra. This is also a strong 

indicafion that the peaks in the 1.7 eV region are related to tungsten incorporafion into the 

film during the growth process. 
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Figure 3.3 PL specta from sample 2 showing the 1.7 eV tungsten defect system. 
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Upon carefully examining the spectrum in the range of the sharp lines, we observe 

an interesfing pattern. The strongest line at 1.735 eV has one weaker neighbor 6meV 

higher in energy. The peak at 1.750 eV has two weaker neighbors, one upshifted 4 meV 

and a second upshifted 9 meV. The bands are denoted by W, (i indexing the five bands in 

Figure 3.3. 

The interpretafion of two primary parent bands, with the satellites mentioned, is 

supported by the following observations. The slightly broader bands below W5 at 1.735 eV 

in this set stem from two series of side bands incrementally downshifted from the intense 

W3 and W5 parents. For W5 at 1.735 eV, the side bands are down shifted by 24, 47, and 72 

meV, i.e., a sequence with spacing of « 24 meV. These are denoted in the figure by 

successive primes to the W5 parent. There is evidence for three further bands in this series, 

confirmed in other spectra but they are extremely weak. For the 1.750 eV band (W3), the 

side bands are weaker in intensity and mingle with the previous series. This makes them 

difficult to extract. However, there is clear evidence of the first side band downshifted by 

27 meV, and possibly a second at 51 meV which was confirmed in other spectra. Both 

series show nearly the same repeat unit, suggesting that they arise from vibration replicas of 

the emission process. 

The energy of the participating vibrafions is 25 meV ^ 200cm"\ This is well below 

the lowest phonon energy of the host lattice which possesses a high density of states 

[TA(L) at 563 cm"̂ ] [27]. This suggests a band resonant mode is involved in the sharp 

series of PL lines. The replica energy is consistent with vibration of a massive 

substitutional defect, which we suggest here to be tungsten. The low temperature line 
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width of W5 line is approximately 2.5 meV. Successive side bands (corresponding to 

overtones in vibarational replicas) exhibit increasing line width, implying that the vibration 

participating in the PL process has a line width of« 5 meV. Side bands to defect PL in 

diamond has been discussed in Ref 15. Specifically for the 1.681 eV center related to 

silicon. They note that a common sideband energy for several defect related PL processes 

is observed at 42 meV. This is also well below the TA(L) energy. The 42 meV band is 

significantly broader (25 meV) than the 5meV that we measure. We do not observe any 

strong feature at 42 meV, although it is conceivable that it is buried beneath our sharper 

series. 

We now turn our attention to the temperature dependence of the "W" lines in 

Figure 3.3. The emission energy was found to be constant (to within ImeV) between 20 

and 250 K. In the upper panel of Figure 3.4, we show the decrease in intensity of the W5 

line with increasing temperature. The sharp lines diminish more rapidly than the broadband 

emission as the temperature rises. By room temperature, the sharp lines are quenched . 

Following the analysis of Feng et al. [28] the temperature dependence of the PL for the 

W5 line can be understood in the following way. The quantum efficency for emission, r| 

can be expressed as 

1 = - ^ (3.1) 
P + P 
^ R^ ^ NR 

where PR and PNR are the probability of radiative and non-radiative recombination 

processes respectively. PR is independent of temperature, and PNR is the sum of all the 

non-radiative recombination processes. 
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Figure 3.4 Temperature dependence of the intensity and line width of the W5 line. 
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Assuming a single non-radiative process and that a barrier with activation energy E of the 

form 

P^=Ce-"''-' (3.2) 

involved equafion 3.1 becomes 

ri = ^^^-TiFT (3-3) 
Pj.+Ce-^"''''^ 

where T is the absolute temperature, ke is boltman constant and C is a constant. At low 

temperature , r| approaches unity and the PL intensity becomes nearly independent of 

temperature. At high temperature, the nonradiative term dominates, resulting in an 

exponential decay of the intensity. 

Between 20 and 100 K the CWPL intensity decreases only slightly, indicating 

dominance by the radiative transitions. Above 100 K, the intensity diminishes exponentially 

due to competition with nonradiative processes. Following the analysis outlined in the 

previous paragraph yields an activation energy for nonradiative processes of ~ 37 meV. 

This behavior has been previously seen for the 1.681 eV (silicon related) emission, which 

exhibits an activafion energy of 70 meV [28]. 

We also find that the intensity ratios (W4 to W5 and W3 to W5) are independent of 

temperature from 20 to 160 K. This is the range for which W3 and W4 were sufficiently 

intense to obtain an accurate measurement. This implies a splitting in the ground state of 

the tungsten defect is responsible for the multiple W lines observed in the PL process. If 

the splitting had been in any excited state of tungsten, we would observe an enhancement 

of intensity vrith temperaturedue to the thermal filling of the excited state. This could be 
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verified by measuring the temperature dependence of intensities for corresponding lines in 

the absorption spectrum. 

The lower panel of Figure 3.4 shows the temperature dependence of the linewidth 

for the W5 line, corrected for instrumental resolution. In the low temperature range, the 

linewidth is 2.5 ± 0.1 meV and remains constant to « 80 K. Above this temperature range 

the linewidth gradually increases until it reaches « 7.1 ±0.5 meV at 250 K. This 

temperature dependence is not consistent with the configuration coordinate model [29] and 

stays well below ksT above 3 OK. The temperature dependence of the linewidth is well 

described by a fit according to 

FWHM = fico^ + an^ (fico, kT) (3.4) 

where UB is the Bose fiinction and Jico = 30.6 ± 0.8 meV represents the average vibrational 

energy causing the broadening. This is acceptably close to the 37 meV from fitting the 

intensity decrease. The other fit parameters are ficoo = 2.55 ± 0.04 meV and a = 14.5± 0.4 

meV. Results of the fit are shown in the lower panel of Figure 3.4. This analysis indicates 

that the observed broadening is thermal (phonon populafion). 

Incorporation of transition metal elements into a solid host, as we suggest is the 

case here of tungsten into diamond, is well described by the Ludwig and Woodbury model 

[30]. The narrowness of the CWPL lines in our polycrystalline samples suggests that the 

impurity occupies a high symmetry position within the lattice [31]. 

Smce our temperature dependence is consistent with splitting of the W levels in the 

ground state we now discuss two recombination scenarios. Figure 3.5 shows a schematic 
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Figure 3.5 Scemafic representafion of the energy levels of the tungsten defect. 
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representafion of the two recombinafion process possibilities. The upper panel of Figure 

3.5 shows the first possibility involves recombinafion from the conduction band minimum 

to the defect levels. This scenario receives some support from the observation that the 

sharp series emission spectra is independent of excitafion photon energy from 1.96 eV 

through the near ultraviolet (we note that better intensity was obtained for lower excitation 

photon energies). From this, we can infer that activation of the opfical center begins with 

absorption of a photon by promoting an electron into a continuum (the host conduction 

band). PL excitation between 1.735 eV emission energy and 1.96 eV would be necessary 

to support this scenario. The narrow linewidth and temperature independence of the 

emission energy argue against this picture. The narrow linewidth indicates a transition 

between discrete levels, whereas if a continuum band were involved in the PL process, we 

would expect a much broader linewidth. Again with increasing temperature, the increasing 

thermal population of the upper level should show an enhancement of the PL intensity 

which we do not observe. 

The second possibility is recombination between levels within the defect. That is, 

discreet excited state to discreet ground state (which is split into the multiplet). The origin 

of the five lines observed is believed to be from two different sites [20]. The ground state 

of one of the defect sites is split into a doublet (giving rise to the W4 and W5 lines), and the 

other site is split into a triplet (giving rise to the Wi, W2, and W3 lines). The lower panel of 

Figure 3.5 shows a schematic representation of PL processes from the site split into a 

doublet. This is supported by our lineshape analysis. The line shape is adequately fit using 

a Gaussian or a Voigt function. Attempts to fit the data with a Lorentzian line 
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shape yeilded poorer fits. Higher resolution spectra at lower temperature would be useful 

for determining more closely which line shape provides the best description of the tungsten 

lines. For the emission energy to remain constant to 250 K, it is possible that the upper and 

ground state have the same temperature dependence, which we expect to be gradual given 

the weak interaction between the defect and the host lattice. PL excitation studies would 

help to confirm or rule out this descripfion. 

3.3 Broadband Photoluminescence 

The broadband PL seen for both the arcjet grown and microwave samples (Figures 

3.1, 3.2), is similar to what has been observed by several groups in undoped and nitrogen 

doped CVD diamond samples. The origin of this emission remains controversial. Studies 

utilizing cathodoluminescence (CL) and absorption spectroscopy of type la and lb 

diamonds show broadband PL similar to that observed in CVD diamond [11,32]. Collins et 

al. have shown that the origin of the broadband PL is due to electron-lattice coupling 

(vibronic interactions) of nitrogen related centers with zero phonon lines (ZPL) at 1.945 

and 2.154 eV. These centers when optically excited, can interact with the lattice vibrations 

via various mechanisms. One type of electron interaction is energy transfer from a 

photoexcited optical center to phonons, which results in the broadband PL spectrum. The 

broadband in this case will extend towards lower energy relative to the zero phonon line. 

Another mechanism suggested by Bergman et al. [21] which could give rise to the 

broadband PL in CVD diamond films is the amorphic phase of sp^ bonded carbon (also 

called the graphific phase).This amorphous carbon phase has been widely confirmed by 
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other researchers [33-35]. The PL of a-C and a-C:H films exhibits broadband PL similar in 

shape, and centered ~ 1.8 - 2.0 eV [36-40]. 

Bergman et al. studied the luminescence of nitrogen doped and undoped films 

grown by microwave CVD technique. They observed that as the excitation energy was 

changed from 2.41-2.71 eV, the shape of the broadband PL in the undoped diamond film 

remained the same, only the peak position shifted from 2.05 eV to 2.2 eV. In the nitrogen 

doped samples, changing the excitafion energy from 2.41-2.71 eV completely changed the 

shape of the broadband PL. Bergman et al. did not discuss this change in the PL shape. 

Another check to determine if the broadband is vibronic in origin, is the temperature 

dependence of the broadband PL. According to the theorefical model of the electron-

latfice interacfion [41], the total band intensity which includes the ZPL and its vibronic 

sideboard is expected to be independent of temperature. As the temperature increases, the 

ZPL intensity decreases, and its vibronic band intensity is expected to increase as 

I-coth(ri(o/2kBT) (3.5) 

so as to keep the total intensity constant with temperature. Here co is the central frequency 

of the PL band, ks is Boltzman constant and T is the temperature. The width of the 

vibronic band is expected to increase with temperature as the squareroot of the above 

equafion . In equafion( 3.5), c? is the central frequency of the vibronic band and ks is the 

Boltzman constant. Equafion (3.5) depicts the effect of the interaction between the thermal 

vibrations of the lattice and the optical centers on the PL vibronic band. According to this 

formulation, as the temperature increases more phonons are created in the material and are 
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available to interact with the optical center transifions: this interaction should appear as a 

vibronic band in the PL spectra. 

The PL spectra of the arcjet sample (see Figure 3.1) is seen to consist of at least 2 

broadbands (this is evident in the 300 K spectrum). The broadest band appears to be 

gaussian and is centered near 1.8 eV. The other broadband is asymmetric and exhibits 

maximum intensity near 1.7 eV. This PL band is only seen in diamond films which exhibit 

the tungsten related PL structures. One possible origin could be the unresolved vibronic 

interactions of the 1.7 eV tungsten defect with the host lattice. The PL spectra of the 

microwave sample (see Figure 3.2) consists of a single broadband feature. In sample 8, in 

which we have high concentrations of nitrogen related defects, the broadband PL may have 

contributions from both nitrogen defect related vibronics and some contribution from 

disordered carbon. 

Dallas [24] studied the temperature dependence of arcjet sample 7 and microwave 

sample 8. The temperature dependence of the 1.8 eV band in the arcjet sample and the 

broadband PL in both the arcjet and the microwave samples show a decrease in the 

intensity as the temperature changes from 20 K to 300 K. This is inconsistent with the 

temperature dependence of vibronic bands. Thus Dallas concluded that the origin of the 

broadband PL was not vibronic in nature but was consistent with PL emission from sp^ 

bonded amorphous carbon. He suggested that the disordered carbons may be present in 

clusters of varying size, consistent with Robertson's analysis of the optical gap present in 

graphific amorphous carbon [36]. 
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3.3.1 Excitation dependence of CWPL 

To further verify the origin of the broadband PL the arcjet (sample 7) and 

microwave sample (sample 8) were excited with light from a He-Cd laser, with excitation 

energy of 3.81 eV. Figures 3.6 and 3.7 show the spectra of the arcjet (sample7) and 

microwave sample (sample 8), at 20 K, with excitation energies of 2.41 and 3.81 eV. In 

the spectra for the arcjet sample (Figure 3.6), we observe a shift in the broadband PL from 

1.8 eV to 2.3 eV without appreciable change in the shape of the spectra. This is consistent 

with Bergman et a/.'s [21] analysis of the broadband not being of vibronic origin and is due 

to PL processes in an amorphic carbon phase. However we are not able to compare the 

shape and peak posifion of the broadband PL reported by Bergman et al. [21] and our 

measurements since Bergman et al. [21] did not correct their spectra for the response of 

the PL detection system. This can result in severe distortion of the broadband PL spectra. 

In the spectra for the microwave sample (Figure 3.7) we observe a completely different 

phenomenon. The shape of the PL is completely changed from the almost Gaussian shape 

to nearly flat shape PL sloping upwards, when the excitation energy is changed from 2.41 

eV to 3.81 eV. Also, the 1.945 eV sharp peak from the N-V center and its vibronic 

structure is not present in the spectrum with 3.81 eV excitation. Previously it has been 

reported that the 1.945 eV system is absent in the cathodoluminescence spectra of natural 

diamond and its PL can only be generated by optical excitation in the visible region. It 

seems that in sample 8, the broadband consists mostly of the vibronics of the 1.945 and 

2.155 eV ZPL and partly from disordered carbon 
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Figure 3.6 CWPL spectra for sample 7 with 2.41 eV and 3.81 eV excitation 
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Figure 3.7 CWPL spectra for sample 8 with 2.41 eV and 3.81 eV excitafion 
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phase when the sample is excited with 2.41 eV laser line. The 3.81 eV laser line does not 

excite the 1.945 eV system. The odd shape of the PL spectrum with the 3.81 eV excitation 

may originate from several PL systems, e.g., 2.155 eV the N-V system, the disordered 

carbon , band A luminescence from nitrogen aggregates [46], etc. This strongly suggests 

that the origin of the broadband PL in diamond films doped with nitrogen when excited 

with 2,41 eV laser line, is due to vibronic interactions as well as disordered carbon, 

whereas in undoped diamond films the origin of the broadband is due to amorphous carbon. 

Excitation energy dependence of the broadband PL in undoped and slightly nitrogen 

contaminated CVD diamond can be used to further verify if amorphous carbon at grain 

boundaries is the origin of the broadband PL. In amorphous semiconductors, e.g. a-Si:H 

and its alloys, a-SixCi.x:H and a-SiNx:H, a broadband PL is a result of recombination of 

carriers at the bandtails. In these materials, according to Searle and Jackson [47], the 

width of the PL band (QL) comes from both disorder broadening (ajdisorder and phonon 

broadening (aL)stokes and can be expressed as 

CJL) = (CTL) stokes + (CJL) disorder ( 3 . 7 ) 

According to Dunstun and Boulitrop [48], (ajdisorder is proportional to the Urbach 

energy (slope of the valence bandtail) of the film. Usually in these materials, the phonon 

broadening is small compared to disorder broadening and a linear correlation between PL 

bandwidth and Urbach energy is observed [49]. In a-C:H, the PL bandwidth is much larger 

than what is expected from phonon and disorder broadening and no correlation between 

Urbach energy and PL band width is observed [50]. However, PL band width and peak 

posifion were found to be strongly dependent on the excitafion energy [50-52]. 
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In order to understand the broadband PL in CVD diamond, we studied the 

excitation dependence of PL in many excellent to poor quality CVD samples (samples 

2,3,4,9,10), at room temperature. It is interesting to note that all the samples showed the 

same peak posifion (within experimental uncertainty) irrespective of the sample, at a 

particular excitafion energy. Figure 3.8 shows the PL spectra of sample 4 excited with six 

different excitafion energies in the 1.96- 3.42 eV range, at room temperature. The spectra 

show the following features. The spectra are broadband, and there is a cutoff on the high 

energy side of the spectrum that leads to a deformation of the shape of the spectrum. As 

the excitation energy decreases, the PL peak position is shifted towards lower energies. 

Figure 3.9 shows the plot of PL peak posifion as a funcfion of the excitation energy for 4 

samples. Also included in the same plot is a similar plot for a a-C:H sample [50]. All the 

diamond samples show a similar trend, i.e., a linear shift in the PL peak position from 1.75 

to 2.15 eV when the excitation is changed from 1.96 to 2.71 eV. At higher excitation 

energies, (>3eV) the PL peak shift is only weakly dependent on the excitation energy, with 

a possibility of observing no shift above 3.4 eV excitation as in the case of a-C:H. 

These features are similar to these observed in a-C:H and can be explained on the basis of 

a model developed by Demichelis et a/. [52] to explain the PL of polymer like hydrocarbon 

(PLHC). This model is based on Robertson and O'Reilly's [8] model of the atomic and 

electronic structure of a-C and a-C:H. Demichelis et al. assume that an energy distribution 

of PL centers exists in PL HC films. This is reasonable because a-C:H 
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Figure 3.8 CWPL spectra for sample 4 excited with six different excitation energies in the 
1.96 to 3.42 eV range. 
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has a distribution of sp^ cluster sizes. Different cluster sizes have different band gaps, Eg. 

Since the sp^ phase, in which the clusters are embedded, have a much larger optical gap (>6 

eV) than that of the sp^ clusters, (<3.5 eV), Demichelis et al. Assumed that the carriers 

move freely inside the clusters, but are forbidden to move from one cluster to the other. 

The photoluminescence of the film at energy E was assumed to be the sum of the PL 

contributions of the single clusters which were grouped together on the basis of their band 

gap Eg. Assuming a continuous distribution of Eg, the overall intensity was given by 

/(£)«e-<->'"(̂ ,r)-<̂ '̂"'̂ '"" j «(£_-ir^)/(£^)^L;-^,(-.-)«.V^ 
rr . 

(3.8) 

where/(^ represents the relative distribution of clusters having an energy gap between Eg 

and Eg + dEg, Emm is the minimum Eg, a(E,Eg) is the absorption coefficient at photon 

energy E for a cluster having energy gap Eg, Eexec is the laser excitation energy, a(E) is the 

absorpfion coefficient of the film at photon energy £•, tav is an average path of photons, Wv 

and nic are the exponents for the density of states distribution in the valence bands and 

conducfion bands, respectively, and s depends upon the type of transition. 

In order to study the behavior of the funcfion given in Eq. 3.8, by assuming the 

shapes of the conduction and valence bands to be parabolic, they further simplified the 

equafion to 

1(E) oc E'e.ece-"^^^'f{E^){E^,, -E+mk.T)'" (3.9) 

where Eexec is the laser excitation energy, a is the absorption coefficient and t is the 

thickness of the film,/(2y is evaluated at^"^ = E-rnksT, m = mc+niy+I. Equation 3.9 is 
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evaluated assuming mc=mv=l/2 and using the measured absorption coefficient. The 

exponent s is set ats = -I, for a constant momentum transition. From this equation,/(^^ 

can be obtained from the PL spectra. Note that only the shape off (Eg) has a physical 

meaning, since many constants have been disregarded in the derivation. 

From this model, it is clear that the peak energy of the PL is due to the balance 

between the increasing/(^g) and the decreasing (Eexec - Ef factors. The width of the peak 

is determined by f(Eg), that is the distribution of the cluster gap values. Figure 3.10 shows 

the opfical absorption spectrum of sample 4. We used this spectrum to calculate the 

distribufion of cluster gaps using equafion 3.9. Figure 3.11 shows the normalized 

distribufions of cluster gaps with various excitation energies. Within the experimental 

uncertainties, the distribufion of clusters is independent of the excitafion energy. This 

verifies the appropriateness of the model. 

We can explain the excitafion dependence of the PL in terms of the distribution of 

the cluster gap values f(Eg) as shown in Figure 3.11. For simplicity, assumed f(Eg) is an 

increasing funcfion with cluster gap Eg from Enti„ to E^ax (see Figure 3.12). For excitation 

energies less XhanEmax, the shaded area in Figure 3.12 represents the portion of clusters 

involved in the recombination process. As Eexec decreases, a progressively smaller portion 

of the clusters absorbs light and gives rise to photoluminescence. As a result, the intensity 

on the high energy side of the spectrum drops significantly. Therefore the PL band becomes 

narrower. The red shift of the PL peak with decreasing Eexec is expected, because the total 

number of clusters involved in the PL process decreases, which in turn increases the 

fraction of clusters with smaller band gaps involved in the PL process. Our 
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Figure 3.10 Opfical absorption spectra for sample 4. 
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Figure 3.11 Normalized distribufion of clusters for sample 4 
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Figure 3.12 Schemafic diagram of the distribution of cluster gaps. 
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explanation is valid for PL spectra with excitation energies below Emax. If the excitation 

energy is above Emax, all photogenerated carriers will thermalize to Emax before participating 

in the radiative recombination process. Therefore all clusters get involved in the PL 

process. 

3.4 ESR measurements 

In polycrystalline CVD diamond films, as we have seen there are a large variety and 

concentration of defects present. One of the most common defects in amorphous and 

polycrystalline materials is the dangling bond, i.e. an unpaired electron in the crystalline 

lattice or in the amorphous network. In addifion to the dangling bond, nitrogen is a 

common impurity and a nitrogen-vacancy defect is believed to be a common paramagnetic 

defect in CVD diamond. 

Several ESR studies on CVD diamond films have been reported in the literature. 

Watanabe and Sugata [53] studied diamond films grown by microwave CVD using 

different starting materials. They reported a g-value of 2.007(5) for the ESR signal. The 

signal appeared to be composed of two components, whose width and intensity varied with 

the quality of the film. Jia and Shinar [54] reported ESR measurements on diamond films 

grown by hot filament CVD from a H2-CH4 or D2-CD4 mixtures. The ESR observed 

included a central line which appeared to be the sum of a narrow and broad Lorentzian, 

both at g = 2.0028(5). In the films grown with H2-CH4, satellites were observed at ±0.72 

mT from g=2.0028 which were absent in films deposited with similar mixtures of D2-CD4 

and D2-CD4. The satellites were attributed to S = Vi defects hyperfine coupled to adjacent 
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^H. Holder et al. [55] have also observed satellites centered on the g = 2.0028 ESR 

transition in microwave CVD grown diamond films. Honikis et al. [56] also reported 

observation of nitrogen-vacancy center in microwave CVD diamond films and Zhang et al. 

[57] also reported a signal at 2.0028. ESR studies on diamond films grown by hot filament 

CVD revealed the same ESR signal that could be deconvoluted into a narrower Lorentzian 

component and a broader Gaussian component [58]. The g- values of the two resonances 

were equal to 2.0028. The average bulk concentrations, linewidths, and relative strengths 

of the two components were shown to vary with growth conditions[58]. The main 

conclusion of the lineshape analysis was that the films studied had a non-uniform 

distribution of defects. 

Thus it is clear that the g = 2.0028 ESR signal is common to CVD diamond grown 

by different techniques. Satellites are often observed but it appears that their origins maybe 

different for different samples. 

To determine the spin density of a sample, we must compare the spectra to a known 

reference sample. In the past, a sample of 2,2,-diphenyl-l-piciylhydrazl (DPPH) was used. 

It has one spin per molecule and an isotropic g-value of 2.0036. For the present study 

DPPH proved unsuitable as the g-value for diamond is very close to that of DPPH and the 

two signals would overiap. We picked Potassium per chromate (K3Cr08) crystals to use as 

a standard reference sample [59]. KsCrOg also has one spin per molecule, and thus 

knowing the mass of the crystal we can determine the total spin concentration of the 

standard sample. The crystal we used had a total spin concentration of 3.1 xlO spins. 

The g-value of KsCrOg is anisotropic. It has a g-value of 1.9428 along the longest c-axis, 
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which is far enough removed from our region of interest. Also K3Cr08 has a peak to peak 

width (AHp.p) of 20 mT which is useful to check the calibration of the magnetic field. 

The spectrometer measures the first derivative of the spectra, so it must be 

integrated before we can determine the area under the curve. The rafios of the spin to area 

compared using the formula 

Spins{reference) Spins{sample) 
Area(reference) Area{Sample) \ • ) 

The integrafion of the derivative line can be done numerically or using data analysis 

software ( we used 'Labcalc' for some of the analysis). The area under the integrated 

curve can be determined either by numerically integrating or by curve fitting the integrated 

curve and determining the area under the integrated curve. 

Most of the samples we measured, had very low spin concentrations, very near the 

detection limit of the ESR spectrometer. The signal-to-noise ratio was poor and we did 

not obtain a flat baseline. We tried to deconvolve the system response from an empty 

cavity from the spectrum of the sample. This became important when the signal level was 

small. For samples with a relatively high concentration of spins this was not apparent. This 

also accounts for the noisy spectra we obtained for some of the samples. Because of these 

problems, it was not possible to curvefit the spectra to separate different components. We 

could numerically integrate the spectra (twice) to get the total spin concentration of the 

samples. 

Figures 3.13 and 3.14 show a typical first derivative spectra obtained from the ESR 

spectrometer. These are from sample 7 and 8. The measured spin densities for the samples 
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measured are given in Table 3.1. The g-values measured are 2.002 for sample 7 and 2.003 

. These are consistent with the g-values reported by others [53-58,60]. As most of the 

arcjet samples contain very little or no nitrogen, the ESR signal is attributed to the dangling 

bonds in the sp^ crystalline lattice and to the dangling bonds present in the amorphous 

carbon regions of the diamond films. This is consistent with the observations of 

Karphukina et al. [60]. From the spectra by inspection we can distinguish two 

components in the spectra. One appears to be a narrow component and the other is a 

broader line both centered at about the same position. Curve fitting these spectra did not 

yield any unique fit. 

3.5 Diamond Film Quality and Effect of Stress 

The maturation of low pressure chemical vapor deposition techniques for depositing 

diamond has led to a worldwide effort to produce high quality diamond on nondiamond 

substrates for various optical and microelectronic applications. Numerous CVD methods 

have been developed to grow large area, high quality diamond. However, the film stress 

developed during growth remains a major obstacle for many applications. The 

measurement and analysis of the film stress are essential for understanding the origin of the 

stress. Raman spectroscopy has been widely used to assess the residual stress in the 

diamond. In the Raman spectra of the CVD diamond, usually two main features centered 

at 1332 cm"̂  and 1500 cm"̂  are observed. The Raman scattering at 1332 cm'̂  is from sp^ 
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Figure 3.13 ESR spectra for the arcjet sample 7. 
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Figure 3.14 ESR spectra for the arcjet sample 8. 
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bonded diamond, whereas, the broad feature at 1500 cm' has been attributed to sp 

amorphous type graphific bonding. According to Bergman et al. [61] the broadening of 

the line width of the 1332 cm'̂  peak is attributed to three possible broadening mechanism: 

the inhomogenous strain induced by increasing the concentration of the grain boundaries in 

the film, the increasing presence of sp type defects and the size effect of the secondary 

nucleafion. A high quality CVD diamond usually shows a strong sharp peak at 1332 cm'̂  

with negligible contribufions from the 1500 cm"̂  band and from broad PL band centered 

around 2 eV with 2.41 eV laser excitafion. Recently Harris et al. [26] pointed out that 

although the FWHM of 1332 cm'̂  Raman peak can be used as a measure of diamond 

quality, the most sensitive measure of quality is the normalized intensity of the broad band, 

i.e., I(broadband) /1 (Raman 1332 cm"̂ ). From the study of arc jet diamond films 

deposited under a variety of experimental conditions, they speculated that impurities such 

as tungsten, tantalum or silicon can act as markers for the defect concentration and may be 

a more sensitive technique for quality assessment than the FWHM of the Raman line. 

Since the quality of the film is influenced by the large amount of defects introduced 

during the growth, study of the concentrations of defects and their correlation with Raman 

and PL may provide an insight to the role of these defects on the structural, optical and 

electrical properties of diamond. Electron Spin Resonance (ESR) can be used for the study 

of paramagnetic impurifies and effects in CVD diamond. As mentioned before, the ESR 

signal; from CVD diamond consists of a narrow line from carbon dangling bonds in the 

diamond structure and a broad line from the dangling bonds in amorphous carbon. In the 
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past, attempts to obtain a relafionship between the ESR spin density and the morphology of 

the diamond film was unsuccessful [53]. 

We have performed Raman, PL and ESR measurements on a series of free standing 

CVD polycrystalline diamond films prepared by arcjet and microwave techniques. The 

purpose of studying these samples is to identify various defects and study their influence on 

the morphology of the samples. Table 2.1 presents the descriptions of the samples and 

various experimental techniques used to study each sample. Also presented in the table is 

the ratio I(broadband)/ I(Raman 1332 cm'̂ ) for each sample measured at 20 K at 2.54 eV 

excitation. As we will show, this ratio is a measure of the quality of the diamond film with 

the smallest number representing the highest quality and the largest number representing 

the poorest quality of the samples. 

Figures 3.15-3.23 represents the PL spectra of the samples at 20 K with 2.54 eV 

laser excitation described in table 2.1. Since we are interested in comparing the bulk 

properties of the samples, we used a large laser spot « 1 mm diameter for the 

measurements. The sharp peaks at 2.155 eV, 1.681 eV and 1.735 eV have already been 

discussed in detail. There is a small peak at 1.8 eV with (12 meV width) also present in all 

the arcjet deposited samples. A broadband (discussed before) with a peak at ~ 2 eV is 

present in all the samples. 

In the next few paragraphs we will discuss the effect of the morphology of the film 

(determined by the FWHM of the Raman peak) on the width and intensity of various PL 

peaks. When making quantitative comparison between the intensity of luminescence for 

different samples, it is essenfial to allow for the variation in the depth of penetration of 
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Figure 3.15 CWPL spectra of sample 1 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.16 CWPL spectra of sample 2 at 20 K excited with 2.54 eV excitafion energy. 
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Figure 3.17 CWPL spectra of sample 3 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.18 CWPL spectra of sample 4 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.19 CWPL spectra of sample 5 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.20 CWPL spectra of sample 6 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.21 CWPL spectra of sample 7 at 20 K excited with 2.54 eV excitafion energy. 
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Figure 3.22 CWPL spectra of sample 9 at 20 K excited with 2.54 eV excitation energy. 
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Figure 3.23 CWPL spectra of sample 10 at 20 K excited with 2.54 eV excitation energy. 
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the laser beam from specimen to specimen. Since the intensity of 1332 cm' Raman peak 

has been found to be linearly proportional to the power of the laser and the volume of 

diamond from which the luminescence is being excited [62], the luminescence was 

normalized by dividing the luminescence intensity of a specific peak by the intensity of the 

Raman peak. Table 3.1 shows the various PL, Raman, and ESR spin density parameters 

which we will correlate in the succeeding paragraphs. The widths of the Raman, as well as 

the PL peaks used for this study were corrected for the instrumental broadening. Figure 

3.24 shows the plot FWHM of the 1332 cm'̂  Raman line versus I(broadband)/ I(Raman 

1332 cm'̂ ) ratio. At this point we would like to menfion that broadband luminescence 

intensity is stronger by a factor of 5-10 compared to its intensity at room temperature, 

whereas the Raman peak intensity is independent of temperature. Although we have not 

studied systematically the temperature quenching of broadband for various samples, we feel 

that this dependence may be a funcfion of the quality of the film as in case of a-Si:H and its 

alloys. So we decided to use low temperature (20 K) PL spectra of the samples for all the 

studies presented in the next few paragraphs. 

As shown in Figure 3.24 the relative intensity of the broad band PL increases with 

an increase in the FWHM of the Raman 1332 cm'̂  peak. This clearly indicates that 

increase in the sp^ type defects at the grain boundaries (producing the broadband PL) may 

result from the increase in the concentrations of the sp type defects at the grain 

boundaries due to the decrease in the size of the grains (producing strain induced Raman 

broadening). Since Figure 3.24 clearly indicates that increase in the sp^ content of CVD 
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Table 3.1 Table lists the measured values of the Relative Intensity, width of the first order 
Raman diamond peak, the width of the 1.735 eV Tungsten peak, and the ESR spin density 
of the samples listed. 

Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
9 

Rel. 
Intensity 

2.08 
.93 
3.7 
20 

17.5 
.69 
.81 

2.17 

Raman 
Width 
(cm-̂ ) 
5.08 
9.5 
17.5 
30.7 
54 

8.14 
9 

11.7 

W 
Width 
(meV) 
2.85 
1.97 
7.6 
9.09 

1.7 

Spin 
Density 

(spin/cm^) 
6.5E+16 
8.7E+15 

3E+17 
6.2E+17 
4.4E+15 
2.7E+16 
3.9E+16 
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Figure 3.24 Plot of Raman diamond line width versus normalized intensity. 
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diamond related to the induced strain, we will use relative intensity of broadband as a 

measure of the grain size, and hence, the strain in diamond in the rest of the discussion. 

Figure 3.25 shows the plot of the total ESR spin density of dangling bonds in sp 

and sp carbon plotted against the relative broadband intensity. Because of the poor signal 

to noise ratio we were not able to separate the two types of dangling bonds. However, it 

has been shown by Jia et al. [54] that in CVD diamond the contribution from the sp^ 

dangling bonds is approximately 70-80% of the total spins. To our knowledge this is the 

first attempt at correlating the ESR spin density of CVD diamond width the morphology of 

the film. Figure 3.25 clearly indicates that the broadband PL results from the presence of 

sp carbon. It also shows that one can use ESR spin density as a marker for the quality of 

diamond. A diamond sample with low spin density is a result of low sp^ content, and hence 

high quality. 

Next we will discuss the effect of film morphology on the width and intensity of the 

1.735 eV sharp PL feature from tungsten. Residual stresses in the CVD diamond are 

expected to increase with decreasing grain size, causing significant broadening of the 

diamond Raman peak, and vibronic structure 2.155 eV nitrogen center [63]. Collins et al. 

correlated the broadening of Raman and 2.155 eV line with the average residual stress 

obtained from the uniaxial stress studies [63]. The increase in the luminescence intensity of 

2.155 eV system was related to the increase in the concentration of the luminescent defects 

[62]. Figure 3.26 shows the plot of the relative broadband intensity against the width of 

1.735 eV PL peak from tungsten measured at 20 K. It seems that similar to 
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Figure 3.25 Plot of the total ESR spin density versus the relative broadband intensity. 
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2.155 eV nitrogen center, the FWHM of the 1.735 eV tungsten center is also affected by 

the grain size and hence, by the residual stress in the film. Since luminescence techniques 

can detect optical defects at concentrations between 10̂ ^ to 10̂ ^ cm"̂ , we attempted to see 

if the intensity of the 1.735 eV peak can be used to obtain the information about the 

concentration of the defect. Recently Harris et al. [26] have reported that the PL signal 

from the tungsten center increased strongly with the deterioration of the quality of the 

diamond films. They suggested that metal atoms from the filament are incorporated more 

readily into more defective films. 

Comparing the low temperature PL spectra of arc jet grown samples (Figure 3.15-

3.23) we can see that in arcjet grown samples 1, 2, 3, 6 and 7, the intensity of the 1.735 eV 

peak varies over two orders of magnitude and there is no direct correlation between the 

quality of the sample and the intensity of the 1.7535 eV peak. Also this peak was not seen 

in the PL spectra of samples 4 and 5 (Figures 3.18, 3.19). This may lead us to believe that 

the concentration of tungsten in these samples is below the detection limit of our 

measurements. 

We were able to detect 1.735 eV tungsten center in sample 4 by exciting the sample 

with 1.96 eV laser line. Use of 1.96 eV excitafion not only reduces the intensity of the PL 

broadband, it excites the 1.735 eV tungsten centers resonantly improving its intensity 

significantly. Figure 3.27 shows the PL spectra of samples 2,3, and 4 at 20K with 1.96 eV 

laser excitation. Along with the 1.734 eV tungsten system the diamond Raman peak at 

2.375 eV and a PL band at 1.805 eV (also related to tungsten) are also present in the 

spectra. Widths of these lines are much larger in sample 4 than those for 
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Figure 3.27 CWPL spectra of samples 2, 3 and 4 at 20 K with 1.96 eV excitafion energy. 
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samples 2 and 3. This widening resulted from the larger slit openings (because of the low 

PL intensity) as well as from the large stress in the sample. Although, we were able to 

detect the 1.735 eV tungsten center in poor quality diamond with resonant excitation we 

feel that the PL intensity may not be related to the concentration of tungsten. We believe 

that in poor quality samples, the intensity may be quenched because of the high 

concentration of defects which may act as non-radiative recombination centers. However, 

we were able to correlate the width of this peak (including the peak from sample 4 obtained 

with resonance excitation) with the residual stress in the sample. 

It is interesting to note that irrespective of the quality of the sample the 1.8 eV peak 

was always present in the low temperature PL spectra of all the arcjet grown samples. The 

peak can be clearly seen when samples are resonantly excited with 1.96 eV laser line (see 

Figure 3.27). Some of the features of this peak are: the width is much larger (12 meV) 

than the width of the 1.735 eV peak (2.5 meV), and is independent of the quality of the 

film. The intensity of the peak is strongly dependent on temperature and completely 

disappears at room temperature. Although we have not studied this center in detail, we 

feel that it does not result from the recombination between levels within the defect, as in 

the case of the 1.735 eV PL center. We speculate that the 1.8 eV peak may be from 

carbon vacancy tungsten complexes acfing like a donor acceptor pairs. These donor 

acceptor pairs are strongly bound to each other by a strong columbic force. Thermal 

quenching of PL takes place by ionizing the donors or acceptors. We plan to perform the 

temperature dependence of the intensity and width of this peak in the near future. If our 

speculation is correct, then this system should have PL properties similar to those of 
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Gallium-vacancy-donor (silicon, carbon etc.)-complexes. The temperature dependent PL 

intensity and width of these complexes are given by 

I=Aexp(jj) (3.10) 

and W=Acoth{-:^)\ (3.11) 
B 

Where A is intensity at temperature approaching 0 K, AE is the activation energy, 

kg is Boltzman constant and T is the temperature in K, W is the width of the PL peak. 

It seems that the relative intensity of the 1.8 eV peak (see Figure 3.27) increases 

with an increase in the defects in the film. Though flirther studies are needed, we believe 

that the 1.8 eV system may be a better marker for the tungsten defect concentration than 

the 1.735 eV system. 
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CHAPTER IV 

CONCLUSIONS AND RECCOMENDATIONS 

We have studied continuous wave photoluminescence, ESR and Raman 

spectroscopy of CVD diamond grown by arcjet and microwave CVD techniques. The 

samples varied in quality from very high quality to poor quality. 

The CWPL spectra at low temperature consists of silicon related defect center at 

1.681 eV, and nitrogen related defects at 1.945 and 2.155 eV. We also observed a series 

of sharp peaks around 1.7 eV which we attribute to a tungsten related defect center. We 

studied the tungsten defect in greater detail by doing temperature dependent measurements 

on the intensity and line width of the tungsten peaks. From the temperature dependence 

we concluded that the defect has vibronic levels consistent with the splitting of the ground 

level. We also determined that the non-radiative process has an activation energy of ~ 37 

eV. In addition to the sharp PL features, a broad band centered ~ 2 eV with 2.54 eV 

excitation is present in all the samples. We did excitation dependent, and temperature 

dependent studies on the broadband and concluded that the broad band PL is due to sp 

bonded disordered carbon. Similar shaped PL has been observed in a-C and a-C:H. We 

verified the presence of the disordered carbon phase by using Demichelis et aVs model for 

PL in PLHC. 

The ESR measurements yielded a g-value of 2.002 to 2.003, and the total spin 

concentrafion in the samples. The ESR signal appears to have two components which we 

were unable to separate by curvefitting. 
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Raman spectroscopy is a widely used method to determine the quality of a sample. 

The width of the first order diamond Raman peak is a good indicator of the quality of the 

sample. The width of the Raman peak is related to stress created in the film due to defects 

and impurities in the sample. Recently, Harris et al. suggested that the relative intensity of 

the broadband maybe a better parameter to relate the quality of the sample to. They also 

suggested that the PL from impurities such as tungsten, tantalum and silicon could be used 

as markers for defect concentrafion. We measured the low temperature PL often samples 

with varied quality and compared the width of the Raman peak to the relative intensity, 

and the relative intensity to the width of the tungsten defect PL peak and ESR spin density. 

We found that the Raman width follows the same trend as the relative intensity of the 

broadband. As the width of the Raman peak increases, the sp^ bonded disordered phase 

increases giving rise to a stronger broadband PL. We also found that the PL at 1.735 eV 

from tungsten is not an appropriate marker for defect concentration because in samples 4 

and 5 where we did not observe a tungsten peak with 2.54 eV excitation, we could 

resonantly excite the peak using 1.96 eV excitation. Rather we suggest that in poor quality 

samples, the PL peak is quenched due to a high concentration of non-radiative centers 

present in the sample. 

There are a number of areas in this study that require further study. Further 

investigation into the nature of the tungsten related 1.7 eV defect is needed. We have 

speculated on the origin of the 1.8 eV peak seen in all the arcjet samples. This needs 

further investigation, to determine its origin and if it can be used as a marker for defect 

concentration. 
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