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Quarterly Report Fourth Quarter 

1 October 1994- 31 December 1994 

1.0      INTRODUCTION 

This is the 1994 fourth quarterly report on the Heteroepitaxial Diamond Growth 

Program Contract No. N-00041-92-C-0081. 

Research conducted in this quarter has predominantly focused on a method to 

fabricate a free-standing diamond single-crystal. In essence, this is a method to "cut" or 

"lift-off a sheet of synthetic diamond single-crystal material. This is an essential 

technology that can be used in concert with our epitaxial joining and homoepitaxial 

diamond processes to make single-crystal diamond wafers. Additionally, we have 

extended our investigation of H-terminated diamond NEA surfaces and discerned details 

that enable such a surface to enable microstructural examination via SEM. 



2.0      SINGLE-CRYSTAL DIAMOND LIFT-OFF 

We have combined an implantation/anneal/contactless electrochemical etching 

technique devised at Naval Research Laboratories (NRL) by M. Marchywka, et al. with 

RTFs water/alcohol diamond homoepitaxial process to lift-off a single-crystal diamond 

plate of 17.5 um thickness. The dimensions of this demonstration plate are: 20 mm x 0.5 

mm. This is a multi-step process that is very sensitive to the details of each step, so this 

has been summarized in two manuscripts that are included in this report. No effort has 

been made to date to extend this lift-off technique to a larger area, however, this would be 

necessary to do to ensure its applicability to a large-area process. At this time, we foresee 

no intrinsic obstacle in doing this as all the component processes (implantation, 

annealing, etching, homoepitaxy) appear as if they will each individually scale as needed. 



3.0      PUBLICATIONS 

1. J. B. Posthill, D. P. Malta, T. P. Humphreys, G. C. Hudson, R. E. Thomas, 
R. A. Rudder, and R. J. Markunas, Fabrication of a Free-Standing, 
Synthetic, Single-Crystal Diamond Plate Using Ion Implantation and 
Plasma-Enhanced Chemical Vapor Deposition, Mater. Res. Soc. Symp. 
Proc., vol. 388 (1995) 299. 

2. J. B. Posthill, D. P. Malta, T. P. Humphreys, G. C. Hudson, R. E. Thomas, 
R. A. Rudder, and R. J. Markunas, Method of Fabricating a Free-Standing 
Diamond Single-Crystal Using Growth From the Vapor Phase, submitted 
to: Diamond and Related Materials. 

3. D. P. Malta, J. B. Posthill, T. P. Humphreys, and R. J. Markunas, 
Interpretation of Secondary Electron Contrast from Negative Electron 
Affinity Diamond Surfaces, Microscopy Society of America, Annual 
Meeting and Proceedings, Kansas City, MO (1995). 



FABRICATION OF A FREE-STANDING, SYNTHETIC, SINGLE CRYSTAL 
DIAMOND PLATE USING ION IMPLANTATION AND PLASMA-ENHANCED 

CHEMICAL VAPOR DEPOSITION 

J.B. POSTHILL, D.P. MALTA, T.P. HUMPHREYS, G.C. HUDSON, R.E. THOMAS, 
R.A. RUDDER, and R.J. MARKUNAS 
Research Triangle Institute, Research Triangle Park, North Carolina 27709-2194 

ABSTRACT 

Using a specific combination of energetic and chemical processes we have grown 
homoepitaxial diamond on and lifted it off of a type la natural C(100) crystal. Before growth, the 
C(100) crystal is exposed to a self implant of 190keV energy and dose of IE 16 cm"2. Low 
temperature (~600°C) homoepitaxial diamond growth conditions were used that are based on 
water-alcohol source chemistries. To achieve layer separation (lift-off), samples were annealed to 
a temperature sufficient to graphitize the buried implant-damaged region. Contactless 
electrochemical etching was found to remove the graphite, and a transparent synthetic (100) 
single crystal diamond plate of 17.5(im thickness was lifted off. This free-standing diamond single 
crystal plate was characterized and found to be comparable to homoepitaxial films grown on 
unimplanted single crystal diamond. 

INTRODUCTION 

Research efforts are underway world-wide in order to develop a low cost, single crystal 
diamond wafer that could be used for active electronic device fabrication or other technological 
purposes. One approach has been to develop a heteroepitaxial diamond technology using recent 
advances in thin film diamond deposition processes -- in particular various chemical vapor 
deposition (CVD) techniques. Different non-native substrates have been examined, with the 
greatest success being found with: cubic BN single crystals [1, 2], BeO single crystals [3], Ni 
single crystals [4], SiC single crystals [5] and Si single crystals [e.g., 6J. Efforts are underway to 
improve these heteroepitaxial diamond processes using these respective substrates in order to 
increase the quality and value of the diamond layers. 

A second approach involves employing techniques to make a diamond single crystal 
template by careful positioning/bonding of multiple single crystal diamonds on a non-native 
substrate combined with homoepitaxial diamond growth in order to epitaxially join the 
diamonds. If successful, this could result in a diamond boule technology. Underlying this 
approach to making a single crystal diamond template, is prior research in this laboratory which 
demonstrated that epitaxial diamond could be grown laterally and vertically at comparable rates 
[7]. Specially patterned Si(100) wafers were made in order to hold small (< lOOfim), similarly- 
faceted seed diamonds in an array of {111}-faceted pyramidal pits in the Si, and after growing 
~240|im of CVD diamond on such a unique structure, a large-area mosaic diamond film was 
created [8]. Another version of this method involves starting with considerably larger diamond 
single crystals (2mmx2mm) that have had their edges and faces oriented and polished to (100) 
[9]. Two diamond crystals were soldered in close proximity to each other onto a Mo substrate 
and placed in a hot filament diamond CVD reactor for epitaxial joining. Reported most recently 
were results from this laboratory which utilized edge-oriented 3mmx3mm (100) diamonds that 
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were bonded to a Si substrate and then epitaxially joined [10]. In addition to these methods of 
making a large-area single crystal diamond template, a method must be developed to cut wafers 
that minimizes kerf losses. 

We briefly describe our own demonstration of a method to "cut" a diamond single crystal 
combined with diamond homoepitaxial deposition based on plasma-enhanced CVD using water- 
alcohol mixtures in order to fabricate a free-standing, synthetic, single crystal diamond plate. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Diamond Substrate Preparation 
Type la (100) natural diamond single crystals were used for these proof-of-concept 

experiments. They were procured from the vendor with adequate polishing to enable good 
quality homoepitaxial diamond growth [11]. Different diamonds were implanted with C12 at 
190keV commercially. Doses varying from 5E15 cm"2 to 5E16 cm"2 were examined, with the 
IE 16 cm"2 dose thus far representing the best combination of providing a surface to grow good 
quality homoepitaxial diamond on and enabling lift-off to be performed later. This will be the 
only sample from which results will be presented. 

Diamond Growth 
An rf-driven plasma enhanced CVD process that utilizes water and alcohol (ethanol) to 

grow the homoepitaxial films was used in this study. The use of alcohol/water mixtures for 
diamond growth was pioneered in this laboratory [12], and the development and details of this 
homoepitaxial diamond deposition process are reported elsewhere [13]. Briefly, the conditions 
of homoepitaxial diamond growth used were: Reactant flow was 18 seem ethanol and 12 seem 
water; Pressure = 1 Torr; Power (rf) = 1.5kW; Growth temperature = 600°C; Growth rate = 0.5 
|im-hr"l. Diamond homoepitaxial growth was done on the implanted side of each diamond, 
with periodic interruption to inspect the progress of diamond homoepitaxy on the implanted 
substrates. Fig. 1 shows surface topographies as observed by scanning electron microscopy 
(SEM) after 1.6|im growth and 17.5|im growth on the same substrate (previously implanted with 
IE 16 cm"2 dose). The surfaces appear reasonably smooth, and the unidirectional "ridges" that 
are believed to be artifacts of the polishing process are no longer seen after the thickness of 
17.5|im is reached. Epitaxy was verified using low energy electron diffraction (LEED) after 
1.6nm growth. These results are very similar to those achieved upon diamond homoepitaxy on 
as-received diamond substrates using this growth process. 

Separation Methods 
The diamond was annealed in flowing N2 at ~1000°C to graphitize the buried, implanted 

region, and the sides of the diamond, which had considerable growth on them, were ground to 
expose the edges of the buried graphitic region. Fig. 2 shows a side (cross-section) of the ground 
diamond with buried graphite layer and homoepitaxial film. Different methods were attempted to 
lift off the plate, which were (in the order they were employed): (1) heating in a G-O3/H2SO4 
solution (failed), (2) heated in flowing 02 at up to 600°C (failed) [14], and contactless 
electrochemical etching in DI water (successful). This successful method was developed earlier 
by Marchywka, et al. [15]. One unique aspect of this etching process is that it occurs in a front 
which begins from a side of the wafer. When the buried graphitic region is progressively etched, 
that area no longer appears darkened to the unaided eye. Although not permitted to go to 
completion, it was clear when much of the original 2mmx2mm diamond had the buried graphitic 



layer removed by etching. A portion of the layer was then pried off mechanically. The resulting 
2mmx0.5mmxl7.5p.rn single crystal diamond plate is shown in Fig. 3 with the RTI logo as a back 
drop. The transparent nature of the free standing diamond plate is evident. 

Fig. 1   SEM of homoepitaxial diamond grown on implanted diamond (100) crystal; (A) after 
1.6(im growth and (B) after 17.5jxm growth. 

Fig. 2  SEM of ground edge after 17.5u.rn homoepitaxial diamond growth and 1000°C anneal. 
The location of the buried graphitic layer is delineated with an arrow. 

Fig. 3  Free-standing, synthetic, single crystal diamond plate which appears transparent over the 
RTI logo after contactless electrochemical etching of the buried graphitic region. 



Characterization of Free-Standing Diamond Plate 
The top surface of the lifted-off diamond plate was roughened; this had been earlier seen 

to be caused by the exposure of the diamond to flowing 02 when heated. Additionally, the 
underside of the plate had some small pits. MicroRaman spectroscopy was performed on the 
region of the original diamond substrate on which implantation/growth/lift-off had occurred and 
on the lifted-off diamond plate. The spectra are shown in Fig. 4. Both had identical diamond LO 
phonon peak positions at 1332 cm"1 with full-width at half-maximum (FWHM) of 3.0 cm"1. The 
background of the spectrum from the substrate is featureless, but the spectrum from the lifted-off 
plate shows a broadened peak at 2076 cm"1. There is also broadband luminescence observed at 
increasing wave number. The 2076 cm"1 feature appears to be a luminescence peak (X = 
576nm; E = 2.153eV) that has been observed previously in nitrogen-containing CVD 
polycrystalline diamond using optical and electron excitation [16, 17]. It should be mentioned 
that no attempt was made to specifically remove or reduce the concentration of nitrogen in the 
liquid sources used for diamond growth in this study. Also, the first anneal in flowing N2 may 
have contributed to the presence of this Raman feature. This point requires further investigation. 
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Fig. 4  MicroRaman spectra from; (A) natural type la substrate in region from which diamond 
plate was removed and (B) the lifted-off diamond plate as seen in Fig. 3. 



The lifted-off diamond plate was then subjected to an oxidizing flame to assess the 
difference in defect densities by etch pit formation. This characterization technique has been 
used previously to delineate defects in natural single crystal diamonds, CVD polycrystalline 
diamond films [18], and homoepitaxial diamond. Fig. 5 shows an etch pit density (EPD) which 
is approximately 3xl06 cm"2. This is quite comparable to the EPD observed in other 
homoepitaxial diamond films grown in this laboratory [13]. 
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Fig. 5  SEM showing etch pit density on the top surface of the lifted-off diamond plate after 2 
sec. exposure to an oxidizing flame. Density is ~ 3xl06 cm"2. 

DISCUSSION AND SUMMARY 

The separation (or lift off) of a single crystal homoepitaxial diamond film has been 
demonstrated at dimensions of ~ 2mmx0.5mmxl7.5(im. This diamond plate could be handled 
and is transparent to the unaided eye. Both the surface topography and the defect density appear 
not to be compromised by the ion implantation required for lift-off. The ion implantation of 
carbon at 190keV is straight forward and can be done in a commercially-available, easily- 
accessible ion implanter. This multi-step process, as presented above, uses a relatively low 
temperature homoepitaxial diamond deposition process, but this may not be required. The 
water/alcohol growth chemistry is clearly compatible with good homoepitaxial diamond growth 
on ion implanted surfaces. The apparent presence of nitrogen in the lifted-off layer remains a 
concern, but the cause of this can be isolated and eliminated if it proves problematic. The future 
challenge of this technology is to ensure that the diamond lift-off process can be adequately scaled 
to larger area diamonds. If so, and when combined with a diamond boule technology [10], a 
synthetic diamond single crystal wafer fabrication process can be envisaged. 
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Method of fabricating a free-standing diamond single crystal using 

growth from the vapor phase 

J.B. Posthill, D.P. Malta, T.P. Humphreys, G.C. Hudson, 

R.E. Thomas, R.A. Rudder, and R.J. Markunas 

Research Triangle Institute, Research Triangle Park, North Carolina 27709-2194 USA 

Abstract 

By combining a low temperature (600°C) chemical vapor deposition process for 

homoepitaxial diamond and conventional ion implantation, we have made and lifted off a 

synthetic diamond single crystal plate. Before growth, a type la C(100) crystal was exposed to a 

self implant of 190keV energy and dose of lxlO16 cm'2. Homoepitaxial diamond growth 

conditions were used that are based on water-alcohol source chemistries. To achieve layer 

separation ("lift-off), samples were annealed to a temperature sufficient to graphitize the buried 

implant-damaged region. Contactless electrochemical etching was found to remove the graphite, 

and a transparent synthetic (100) single crystal diamond plate of \1.5\im thickness was lifted off. 

This free-standing diamond single crystal plate was characterized and found to be comparable to 

homoepitaxial films grown on unimplanted single crystal diamond. 

Submitted to: Diamond and Related Materials 



1. Introduction 

Extensive research efforts are underway in order to develop a low cost, large-area, single 

crystal diamond wafer that could be used for active electronic device fabrication or other 

technological uses. One approach has been to develop a heteroepitaxial diamond technology 

using recent advances in thin film diamond deposition processes - in particular various chemical 

vapor deposition (CVD) techniques. Different non-native substrates have been examined, with a 

degree of progress being found with: cubic BN single crystals [1,2], BeO single crystals [3], Ni 

single crystals [4], SiC single crystals [5] and Si single crystals [e.g., 6]. Efforts are underway to 

improve these heteroepitaxial/oriented polycrystalline diamond processes using these respective 

substrates in order to increase the quality and utility of the diamond layers. 

A second approach involves employing techniques to make a diamond single crystal 

template by careful positioning/bonding of multiple single crystal diamonds on a non-native 

substrate combined with homoepitaxial diamond growth in order to epitaxially join the 

diamonds. If successful, this could result in a diamond boule technology. Geis, et al. made 

specially patterned Si(100) wafers in order to hold small (< lOO^im), similarly-faceted seed 

diamonds in an array of {111}-faceted pyramidal pits in the Si. After growing ~240nm of CVD 

diamond on this unique structure, the diamond seeds were epitaxially joined thereby creating a 

large-area mosaic diamond film [7]. A more recent demonstration of this approach using 

~250^im cube-shaped diamonds that were arranged geometrically on a flat, non-native substrate 

were epitaxially joined to make a mosaic of ~ 1 cm2 area [8]. Another version of this method 

involves starting with considerably larger diamond single crystals (2mmx2mm) that have had 

their edges and faces oriented and polished to (100). Two diamond crystals were soldered in 

close proximity to each other onto a Mo substrate and epitaxially joined using a hot filament 



diamond CVD process [9]. Recently, results from this laboratory were reported which utilized 

edge-oriented 3mmx3mmx0.25mm (100) diamonds that were bonded to a Si substrate and then 

epitaxially joined using a low temperature (600°C) water-alcohol-based diamond growth process 

[10, 1: 

In addition to these methods of making a large-area single crystal diamond template, a 

method needs to be developed to cut wafers that minimizes kerf losses and cost. One method of 

cutting a thin layer of diamond is via ion implantation; graphitization of the buried damaged 

region; and subsequent preferential etching of the buried, graphitic region. This is referred to as 

a "lift-off technique. With the exception of using of an implantation/annealing step to form the 

buried, etchable layer, this concept is an interesting extension from the work of Yablonovitch, et 

al. where the preferential etching of a buried AlAs epitaxial layer enabled subsequent lift-off a 

thin GaAs epitaxial film [12]. Geis, et al. first formed a subsurface graphitic layer in diamond 

through ion implantation and annealing and then removed the top diamond layer with hot 

Cr03/H2S04 solution or molten KN03 [13]. Follow on work in this area included a lift-off 

demonstration on natural diamond single crystals which showed best results when implanting 

with oxygen at a very high energy (5 MeV) with a dose of 1x10« cm'2 and etching the graphite 

in flowing oxygen at 550°C [14]. Thin, curled diamond sheets were removed in this manner, 

although some degree of buried graphitic layer etching could also be achieved upon exposure to 

hot Cr03/H2S04 solution. In an interesting extension to this concept, Tzeng, et al. grew 

homoepitaxial diamond on very high energy oxygen ion implanted diamond single crystals and 

then lifted off this (mainly) synthetic diamond sheet [15]. Another variant of this multi-step 

process was demonstrated at Oak Ridge National Laboratory where an excimer laser was used to 

pattern shapes into the homoepitaxial film such that these microcomponents were directly lifted 



off upon etching the buried graphitic layer [16]. Unfortunately, these attempts at growing 

homoepitaxial diamond on the heavily implanted diamond substrates had severe surface 

topography problems as evidenced by optical microscopy. Although the source of these 

topographic irregularities is not known, it could potentially be due to the underlying 

implantation damage. 

Concurrent with the above-described work, Marchywka, et al. showed that very high 

energy (MeV) implants may not be necessary for the successful implementation of diamond lift- 

off [17]. By using 175keV energy carbon implants at a considerably reduced dose (lxlO16 

cm'2) combined with a novel contactless electrochemical etching process, lift-off of ultra thin 

diamond layers was achieved. Additionally, this Naval Research Laboratory effort has shown 

that it is possible to grow homoepitaxial diamond on such an implanted diamond prior to 

contactless electrochemical etching so as to lift-off the homoepitaxial layer from the substrate 

[18]. Their homoepitaxial diamond process was not yet optimized, but this demonstration of 

diamond epilayer lift-off using readily accessible ion implantation conditions is very promising 

and warrants further investigation. 

Herein we describe our own diamond epilayer lift-off results from a diamond single 

crystal in the context of an optimized diamond homoepitaxial deposition based on plasma- 

enhanced CVD using water/alcohol mixtures. In particular, verifying that a low temperature, 

oxygen-containing diamond CVD process is compatible with high quality homoepitaxial 

diamond on a pre-implanted diamond substrate is required. Additionally, the effectiveness of 

the different buried graphitic layer etching techniques (wet chemical, flowing oxygen, and 

contactless electrochemical) with ion implantation conditions comparable to those used by 



Marchywka, et al. [18] has been invesügated. Detailed characterization results from the free- 

standing, synthetic, single crystal diamond plate are also presented. 

2. Experimental Procedures 

Type la (100) natural diamond single crystals were used for these experiments. They 

were procured from the vendor with adequate polishing to enable good quality homoepitaxial 

diamond growth [19]. Different diamonds were implanted with C1* at 190keV commercially. 

The diamonds were mechanically clamped to the implantation stage with no special provision 

for heat sinking, and the temperature during implantation was not measured. Three different 

doses; 1x1015 cm-2f lxl016 cm-2j md 5xlQi6 cm-2 were imp,anted imo ^^ ^^ 

An rf-driven plasma enhanced CVD process that utilizes water and alcohol (ethanol) to 

grow the homoepitaxial films was used in this study. The use of alcohol/water mixtures for 

diamond growth was pioneered in this laboratory [20], and the details of this deposition process 

have been previously developed specifically to produce topographically smooth homoepitaxial 

diamond films reliably and reproducibly [21, 22]. The conditions of homoepitaxial diamond 

growth used were: Reactant flow was 18 seem ethanol and 12 seem water; Pressure = 1 Torr; 

Power (rf) = l.5kW; Growth temperature s 600°C; Growth rate = 0.5 ,im-br 1. Diamond 

homoepitaxial growth was done on the implanted side of each diamond, with periodic 

interruption to inspect the progress of diamond homoepitaxy on the implanted substrates. 

After diamond homoepitaxial growth, annealing in flowing N2 at 1000°C to graphitize 

the buried, implanted region was carried out. The sides of the diamond, which had considerable 

growth on them, were ground to expose the edges of the buried graphitic region so that chemical 

attack could proceed. Grinding was achieved using an ambient temperature cast iron disc treated 



with a diamond-particle-containing slurry. Three different methods were then sequentially 

attempted to etch the buried graphite layer and thereby lift-off the diamond homoepitaxial film, 

which were (in the order they were employed): (1) heating in a Cr03/H2S04 solution, (2) 

heating in flowing 02 as high as 600°C, and (3) contactless electrochemical etching. Contactless 

electrochemical etching is described adequately elsewhere [17, 18] and was accomplished with 

house deionized (DI) water with graphite electrodes. A potential of 200 Vdc was used, and the 

current was found to be dependent on the condition of the graphite electrodes, which eroded in 

time. Periodically, they had to be replaced and the DI water refreshed, so as to keep the water 

from heating to a boil. No attempt was made to optimize this process for efficiency in this 

study. 

Characterization was accomplished with optical examination, scanning electron 

microscopy (SEM), low energy electron diffraction (LEED), microRaman spectroscopy using 

the 514.5 nm line from an Ar+ ion laser, and etch pit density (EPD) measurements upon 

exposing the homoepitaxial film to an oxidizing flame for 2 sec. This straight forward EPD 

technique for diamond is described elsewhere [23]. 

3. Experimental Results and Discussion 

After C12 ion implantation at 190keV, the three crystals appeared differently. In 

particular, the diamonds implanted with doses lxlO16 cm"2 and 5xl016 cm"2 no longer appeared 

transparent to the unaided eye; they were opaque. The diamond implanted to the lxlO15 cm"2 

dose still appeared optically transparent. 

Homoepitaxial growth morphologies on all the implanted diamonds appeared 

characteristically good. Fig. 1 shows representative SEM micrographs of the surfaces, and a 



series of micrographs after successive homoepitaxjal layer thicknesses from the sample 

implanted to a dose of ixlO" cm"2 is included to highlight this sample. This particular sample 

had the least smooth topography of the three. The growth surface still appears reasonably 

smooth, and the unidirectional "ridges" that are believed to be artifacts of the polishing process 

are no longer seen after the thickness of 17.5nm is reached. Epitaxy was verified for the 1x10" 

cm"* sample using low energy electron diffraction (LEED) after 1.6,im homoepitaxial diamond 

growth (Fig. 2). These results are very similar to those achieved upon diamond homoepitaxy on 

as-received diamond substrates using this growth process. It is inferred by the smooth 

morphologies seen for all the pre-implanted samples, that diamond epitaxy has been achieved on 

all substrates and at all thicknesses grown in this study. 

Both the lxlO'5 cm-2 and the MQi6 cm.2 ^^ ^.^ ^ ^^ ^^ 

to the unaided eye after growth, which were transparent and opaque, respectively. In contrast, 

the 5x1016 cm-2 sample became mainly transparent after growth, which was a dramatic change. 

Given the smooth topography and the absence of a darkened appearance, it is believed that the 

near-surface implanted portion of diamond had been etched by the diamond growth process that 

was used. This sample was no longer investigated as a candidate for lift-off; however, the 

excellent epitaxial surface did indicate a future potential for this process as a way to prepare or 

reclaim diamond surfaces for epitaxial growth [24]. By extension, the absence of an opaque 

appearance of the 1x10" cnr* sample led us to suspect that there was not a sufficiently 

damaged buried layer to enable the etching to occur for successful lift-off. Hence, the rest of our 

initial efforts focus on the 1x10" cm'* sample, and the balance of this contribution discusses 

these results. 



After annealing and grinding the sides of the lxlO16 cm"2 homoepitaxial diamond, the 

ground diamond with buried graphite layer and homoepitaxial film is shown clearly in cross 

section SEM (Fig. 3). The different methods were then attempted to lift-off the homoepitaxial 

film. Heating in a Cr03M2S04 solution did begin to attack the buried, damaged layer as 

evidenced by the groove observed in cross-section SEM (Fig. 4). However, the diamond still 

appeared opaque; indicating that this process was extremely slow and may be self-terminating. 

Upon attempting annealing the diamond in flowing oxygen, initially at 550°C for 6 hr., no 

change was seen at all. Further annealing at 600°C also had no effect on the presence of the 

dark appearance. At this point, the homoepitaxial diamond surface began to roughen, so going 

to higher temperatures in order to oxidize the buried graphitic layer was thought too likely to 

unacceptably damage the homoepitaxial diamond film. 

Contactless electrochemical etching in DI water met with initial success. One unique 

aspect of this etching process is that it occurs in a front which begins from a side of the wafer. 

When the buried graphitic region is progressively etched, that area no longer appears darkened 

to the unaided eye. In this manner, the progress of etching could be assessed periodically. 

Although not optimized nor allowed to go to completion, most of the original 2mmx2mm 

diamond had the buried graphitic layer removed by etching. A portion of the layer was then 

pried off mechanically. The resulting 2mmx0.5mmxl7.5um single crystal diamond plate is 

shown in Fig. 5 with the RTI logo as a back drop. The transparent nature of the free standing 

diamond plate is evident, although there is a dull brownish tinge to the plate. 

The top surface of the lifted-off diamond plate was roughened; this had been earlier seen 

to be caused by the exposure of the diamond to flowing 02 when heated to 600°C. 



Additionally, the underside of the plate had some very small pits; their origin is currently 

unknown (Fig. 6A). The now revealed surface of the bulk diamond showed remnants of initial 

scratch lines as well as the very small protrusions that appear to correlate with the small pits in 

the lifted-off single crystal plate (Fig. 6B).   MicroRaman spectroscopy was performed on the 

region of the original diamond substrate on which implantation/growth/lift-off had occurred and 

on the lifted-off diamond plate. The spectra are shown in Fig. 7. Both had identical diamond 

LO phonon peak positions at 1332.0 cm"1 with full-width at half-maximum (FWHM) of 

3.0 cm'1. This indicates that the lifted off plate is strain-free and has a crystal quality 

comparable to the diamond substrate. The background of the spectrum from the substrate is 

featureless, but the spectrum from the lifted-off plate shows a broadened peak at 2076 cm"1. 

There is also broadband luminescence observed at increasing wave number. The 2076 cm"! 

feature appears to be a luminescence peak (X = 576nm; E = 2.153eV) that has been observed 

previously in nitrogen-containing CVD polycrystalline diamond using Raman spectroscopy [25]. 

This feature has also been observed in cathodoluminescence studies of CVD epitaxial diamond 

[26, 27], and there appears to be a consensus in the literature to date that this peak is associated 

with a nitrogen-vacancy complex. The presence of nitrogen in the lifted-off plate is also 

consistent with the light dull brown color of the plate as observed to the eye. It should be 

mentioned that no attempt was made to specifically remove or reduce the concentration of 

nitrogen in the liquid sources used for diamond growth in this study. Also, the first anneal in 

flowing N2 may have contributed to the presence of this Raman feature. This is an issue that 

may require further attention. 

The lifted-off diamond plate was then subjected to an oxidizing flame to assess the 

difference in defect densities by etch pit formation. This characterization technique has been 



used previously to delineate defects in natural single crystal diamonds, CVD polycrystalline 

diamond films [23], and homoepitaxial diamond. Fig. 8 shows an etch pit density (EPD) which 

is approximately 3xl06 cm-2. This is quite comparable to the EPD observed in other 

homoepitaxial diamond films grown on type la C(100) substrates in this laboratory, which have 

been in the 10* cm"* density range [21, 22]. The fact that the EPD did not dramatically increase 

as a result of all the pre-growth diamond processing (in particular, ion implantation) and post- 

growth processing is an encouraging sign that this cutting process can be used to lift-off state-of- 

the-art single crystal diamond films for different technological applications. 

Lifting off thin diamond single crystal plates can be combined with other developing 

technologies such as the aforementioned epitaxial joining of diamond single crystals to create a 

large-area diamond sheet [10,11]. The technology exists to handle, transfer, and bond sheets of 

single crystal diamond to other substrates such as Si. These proof-of-concept experiments show 

the direction towards a large-area, diamond single crystal substrate and boule manufacturing 

process. 

4. Summary 

Lift-off of a single crystal homoepitaxial diamond film has been demonstrated at 

dimensions of - 2mmx0.5rnrnxl7.5^m. This resulting diamond plate could be handled and is 

transparent to the unaided eye. Both the surface topography and the defect density appear not to 

be compromised by the ion implantation required for lift-off when compared with other diamond 

homoepitaxial films grown in our laboratory on unimplanted diamond wafers. The ion 

implantation of carbon at 190keV at a moderate dose of lxlO1* cm"* can easily be done in a 

commercially-available, easily-accessible ion implanter. This multi-step process, as presented 

10 



above, uses a relatively low temperature homoepitaxial diamond water/alcohol CVD process 

which is compatible with good homoepitaxial diamond growth on ion implanted diamond 

surfaces. One of the future challenges of this process is to ensure that the diamond lift-off can 

be adequately scaled to larger area diamond wafers. 
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Figure Captions 

Fig. 1   SEM showing surface morphologies of homoepitaxial diamond grown on C12, 190keV 

implanted C(100) la crystals; (A) Dose = lxlO15 cm"2 after 5.5um growth, (B) Dose = lxlO16 

cm"2 after 1.6um growth, (C) Dose = lxlO16 cm'2 [continued] after 4.8um total growth, (D) 

Dose = lxlO16 cm"2 [continued] after 9.2um total growth, (E) Dose = lxlO16 cm"2 [continued] 

after 17.5iim total growth, and (F) Dose = 5xl016 cm"2 after 2[im growth. 

Fig.2   Low energy electron diffraction (LEED) pattern taken after 1.6um homoepitaxial 

diamond growth on ion implanted [C12, 190keV, lxlO16 cm"2] C(100) la crystal. 

Fig. 3  SEM cross-section micrograph of ground edge after 17.5u.rn homoepitaxial diamond 

growth and 1000°C anneal.   The location of the buried graphitic layer is delineated by the dark 

contrast. 

Fig. 4 SEM cross-section micrograph showing groove beginning to form at the buried graphitic 

region after heating diamond sample in Cr03/H2S04 solution. 

Fig. 5 Free-standing, synthetic, single crystal diamond plate which appears transparent over the 

RTI logo. 

Fig. 6 SEM of diamond surfaces after contactless electrochemical etch and separation (lift-off); 

(A) underside of lifted-off single crystal diamond plate and (B) freshly exposed C(100) la 

substrate surface. 

Fig. 7 MicroRaman spectra from; (A) C(100) la substrate in region from which diamond plate 

was removed and (B) lifted-off synthetic single crystal diamond plate. 

Fig. 8 SEM showing EPD on the top surface of the lifted-off diamond plate after exposure to an 

oxidizing flame. Density is 3x106 cm-2. 
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INTERPRETATION OF SECONDARY ELECTRON CONTRAST FROM 
NEGATIVE ELECTRON AFFINITY DIAMOND SURFACES 

D.P. Malta, J.B. Posthill, T.P. Humphreys, and R.J. Markunas 
Research Triangle Institute, Research Triangle Park, North Carolina 27709 

Diamond is a wide band-gap semiconductor with many unique physical properties that make it an 
attractive technological material. One such property is the negative electron affinity (NEA) behavior of 
the surface when properly terminated with hydrogen12 or a thin metal layer3. The NEA diamond surface 
exhibits an unusually large secondary electron (SE) yield4 which is desirable for applications in cold 
cathode electron emitters of flat panel displays. Examination of NEA diamond surfaces by scanning 
electron microscopy (SEM)5 has indicated that a unique mechanism appears to be responsible for the SE 
contrast in which sub-surface microstructural information is contained. This paper provides a brief 
interpretation of the origin of SE contrast from the NEA diamond surface. 

The electron affinity of a semiconductor surface, x, is defined by the position of the vacuum energy level, 
E0, relative to the conduction band minimum, Ec (Fig. la). If %>0, excited conduction band electrons 
must migrate to the surface and arrive with sufficient kinetic energy to overcome the surface energy 
barrier in order to escape into vacuum. The probability, p(x), that an electron generated at a depth x will 
migrate to the surface with sufficient escape energy is: 

p(x) = C exp(-x / L^) 

where C is a constant <1 and L^ is the effective mean escape depth6. For % small and positive, L^ = Lp 
the thermalization length defined as the average distance an excited electron travels before losing excess 
energy with respect to the conduction band edge. L^ is typically about 0.5-1.5nm in metals and 10-20nm 
in insulators7. For a short L^, SE contrast originates very near the surface, the effective emission area, 
dgff, is very small allowing high spatial resolution, and surface topography usually provides the principle 
source of contrast. Fig. 2a is a SE image of a positive electron affinity "clean" natural diamond surface. 
Only topographical contrast is observed. For x<0 (Fig. lb), the escape depth is no longer limited by the 
thermalization length since no excess kinetic energy is required to escape the surface. If x<0, then L^ = 
LD, the diffusion length defined by the average distance a minority free electron can travel before being 
annihilated by recombination. Since typically, Lp » Lj-, the escape depth from the NEA surface is much 
larger. This results in a higher SE yield, a larger effective escape area, d^, and poorer spatial resolution. 
A large component of the total SE signal, ISE, from the NEA surface carries sub-surface information 
which easily dominates the topographical signal component. If a free electron is generated in the vicinity 
of a crystalline defect, l^ is considerably shortened, as these defects typically act as free electron traps. 
Since the intensity of SE emission is^proportional to p(x), emission near defects will be suppressed 
creating defect contrast in SE images of NEA diamond surfaces (Fig. 2b). 

The unique SE contrast observed from NEA diamond surfaces is, therefore, attributed to an unusually 
large effective escape depth for SE electrons resulting from a barrier-free surface condition. The SE 
signal is dominated by sub-surface information and contrast is provided by microcrystalline defects acting 
as free electron traps8. 
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Fig. 1 Schematic diagrams of energy band configurations and origins of secondary electron signal from 
diamond (a) positive electron affinity surface, (b) negative electron affinity surface. 

Fig. 2 Secondary electron images of a polished natural type Ha diamond surface: (a) "clean" surface; x 
>0; topographical polishing scratches observed only; (b) H-terminated surface; x<0; defect contrast is 
observed; surface orientation is (110); defects show directional clustering (diagonal lines) and cellular 
clustering (dark random lines). 


