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 ABSTRACT
 Growth defects in diamond films grown by plasma-assisted chemical vapor deposition(CVD) were studied by high resolution electron microscopy. Several features of themicrostructure were resolved and their importance to the growth of the diamond film wasevaluated. The observations included various twin boundaries of the type E=3 as well asEl=9, E=27 and E=81, which form by an interaction of lower order twins. These higherorder boundaries, are loci of intersection points of growing planes on two adjacent twins andcan serve as an indicator for the local crystal growth direction. The central nucleation sitefor the growing planes in many cases can be traced back to a quintuplet twin point. A twinquintuplet has five reentrant angles and thus serves as a preferred nucleation site for newplanes as the crystal grows.
 *Guest scientist at the Johns Hopkins University and at the National Institute of Standards and Technology.
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GROWTH DEFECTS IN DIAMOND FILMS
 INTRODUCTION
 Planar lattice defects, namely stacking faults and twins, are abundant in chemicalvapor deposited (CVD) diamond structure, while diamonds that grow underthermodynamically stable conditions, such as natural diamonds, have a very low density ofthese defects. These differences are important to understanding the nucleation and growth ofdiamond films and may provide clues toward better control of microstructure and propertiesof CVD films.
 The fine features of these growth defects can be clearly observed and studied by highresolution electron microscopy (HREM) which provides, in addition to detailed atomicresolution images, crystallographic information on the defects and their boundaries. Severalreported studies on CVD diamond films 1-7 used HREM and obtained a view of the nature ofstacking faults, twins and twinning configurations as well as the interface between thesubstrate and the diamond film.
 It is the purpose of our study to closely investigate the crystallography of thesedefects, and, more importantly, to determine their role in the nucleation and growth of CVDdiamond films.
 EXPERIMENTAL
 SPECIMEN PREPARATION
 The fabrication of the free-standing CVD diamond films used in this study has beendiscussed in a previous article8 . The deposition was made by microwave plasma assistedCVD on a commercial silicon wafer. In order to promote diamond nucleation, defects wereintroduced onto the polished surface of the substrate by rubbing with 1 /m diamond powder.The deposition conditions are given in Table 1.
 The diamond grain size was about 0.1 ;m and optical reflectance measurementssuggest that the root mean square surface roughness of these films is approximately 0.02 1m.Following deposition, the substrate was etched away chemically and squares 3 mm on a side,were cut from the film. The diamond squares were then placed between electron microscopegrids and thinned by ion milling.
 ELECTRON MICROSCOPY
 A high resolution electron microscope at Oxford University, England was used in thisstudy. The microscope features an objective lens with a spherical aberration coefficient of
 2
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C,= 0.9 mm and it operates at 400 kV. The point resolution is 0.16 nm giving accuratetransmission of ( 1111 and {200) diamond reflections into the image. The information limitis 0.12 nm so that {220} reflections also contribute to the image contrast. The crystals weretilted into an exact < 110 > orientation for high resolution image recordings and a 500kmagnification was used close to the Scherzer defocus (-48 nm).
 RESULTS AND DISCUSSION
 TYPE OF DIAMOND TWINS
 A list of the twin boundaries that have been found in this study of the diamond latticeand the respective lattice rotation angles is given in Table 2. The coincidence site latticenotation is used9 .
 E=3 TWIN BOUNDARIES
 Twin boundaries of the E=3 type have been observed in natural, artificial and thinfilm diamond layers as well as in other materials that have the diamond lattice. Examplesinclude silicon 1° ' 12 and diamond13 . The twins are of the (1111 type and in all cases areformed during the crystal growth. This is in contrast to deformation twins, which occurwhen a material undergoes deformation as a result of high internal stresses. The importanttwinning planes and directions in the diamond lattice are shown in the high resolutionmicrograph seen in figure 1. The twinning plane k1 in this example is (1! 1). The rest ofthe twinning elements are:
 k2 - (111),- [112] in the matrix coordinate system.
 'q2 - [112]
 k'2 - (12) in the twin coordinate system.
 1'2 - [112)1
 This is illustrated in the double stereographic projection, figure 2, in which" the twin planes(and directions) are marked with open circles 0 while those of the matrix are marked bysolid circles 0.
 The twinned region in figure 1 has a high volume fraction of twins. This is notusually the case in other regions examined but it clearly indicates that the ( 1111 twins can bereadily formed and that the orientation of the crystal can switch back and forth with littleenergy penalty. The stacking fault energy and thus the twinning energy are apparentlyrelatively small in diamond.
 A diffraction pattern from a twinned region and its analysis are shown in figure 3.
 3
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The twin and matrix diffraction spots are marked 0 and 0, respectively. There are a largenumber of forbidden reflections that appear in the pattern. (See Table 3 about the structurefactor which determines the allowed and forbidden reflections.) The forbidden reflectionsare due to double diffraction generated at the twin-matrix boundaries14 . The streaks seen inthe pattern originate from narrow twins and lie in a direction normal to the twin plane, ie.<111>.
 TWIN BOUNDARIES OF HIGHER ORDER
 Figure 4 illustrates the types of twins found in the film. The zone axis of thereflecting planes of all the twins seen in this part of the crystal is of the < 110 > type; thetwo edge-on { 1111 planes in each twin are indicated in the figure. The simplest twinboundary is seen in the lower right comer of the micrograph. This is a E=3 twin boundaryof which the lower and the upper parts are coherent (the twin mirror plane and the twinboundary coincide) while the middle part is noncoherent. The noncoherent part of theboundary follows a (111) plane of only one of the twins, thus it is not a K1 plane. E=3twins are abundant in CVD diamond and are usually coherent. It is the intersection of thesetwin boundaries that cause the formation of the higher order boundaries. An example ofsuch a higher order boundary is shown in figure 4 extending from the upper right to the left.This boundary divides the field of view into two parts, the upper, marked I, has only twoE=3 boundaries bounding a narrow twin, while the lower part, marked II has severalboundaries of this type. In order to illustrate the interaction among the twins, we shall startby examining the E=9 boundary between point A and B. This part of the boundary is aE=9 type except at the short segments marked A' and A" where it intersects with twonarrow twins. The rotation angle between part I and II along this part of the boundary ismeasured to be about 390 thus fitting the criterion for a E=9 boundary. The boundaryextends near a (111) plane of twin 1H and shifts, at point A", to a surface close to a (111) oftwin I. This E=9 boundary intersects a E=3 boundary at point A, creating a E=27boundary, which has a rotation angle of about 320 as measured on the micrograph. TheE=27 boundary extends on a surface that does not seem to relate to any specific latticeplane.
 At the upper right side of figure 4 at point B, the E=9 boundary intersects two E=3twins to form a E=81 boundary with a rotation angle of about 780. This type of boundaryis sensitive to the orientation of the lattice; the { 1111 planes of the twins on the oppositesides of the boundary are nearly parallel (7.356* apart). This E=81 boundary transformsinto a coherent E =3 boundary at point C by a series of dislocations on the [111) planesalong both of its sides between point B and C.
 While it is takes a rather straight-forward procedure to analyze the various twinboundaries in their edge-on positions, as seen in figure 3, a computer simulation may beneeded to recognize boundaries which are tilted away from an edge-on position. Such is thecase demonstrated in figure 5. In this example, E=3 boundaries intersect to form a E=9boundary as marked on the micrograph. The nature of the orientation relationship between
 4
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the upper portion of the crystal, marked I and the lower, marked II, can be characterized asE=3 between I and Ha while the one between I and lib is of the E=9 type. The boundariesshown are therefore E=3 and E=9, respectively. The contrast of the tilted boundariesvaries as the tilt angle changes but the characteristic symmetry remains the same. Asystematic computer simulation is needed in order to recognize the contrast effects in thevarious tilt angles.
 We will deal now with some details of the E=3 twin boundaries and characteristicformations observed in the diamond lattice.
 CHARACTERISTIC TWIN BOUNDARY FORMATIONS
 The "V" Shape Formation: Figure 6 presents a E=3 twin interaction in which two suchtwins form a E=9 boundary that extends between them. The angle between the twinboundaries is identical to the angle between the two { 111) planes of the lattice, i.e. 70.5290.This E=9 boundary forms on a surface that is the locus of intersection points of growingplanes on two adjacent parts of the crystal. It thus indicates the crystal growth direction inthat vicinity and the "V" shape formation can therefore indicate not only the local growthdirection but can also help us trace back to the starting point of growth in the specific crystalcut that makes up the TEM foil.
 The "V" formation is rather abundant in the diamond film as can be seen in figure 7.The hollow arrows which point at the "V" formations also indicate the local growthdirections which are logically directed toward the outer surface of the crystal, a part of whichis seen in this micrograph.
 Tracing back to the nucleation site of the growing planes in this cross-section of thecrystal may be the most useful role that the "V" formations play in our understanding ofdiamond crystal growth. Illustrated in figure 8 is a cross-section of a small crystal on whichthe "V" formations as well as a higher order twin boundary are marked. If we follow thegrowth path backwards from the surface to the inside of the crystal, we can identify thenucleation site to be a twin quintuplet center. The importance of the twin quintuplet site tothe nucleation and growth of CVD diamond crystals will be discussed later in the text.
 Twin Quintuplets: A closer look at a twin quintuplet is shown in figure 9. In this case, fiveE=3 twins meet at a point and the formation of a 7.3560 misfit angle is illustrated in theinset. A E=81 boundary is thus formed. Our observations indicate that in most cases, atwin quintuplet center is surrounded by four E=3 boundaries and one E=81 boundary. Inother cases we have observed that two misfit angles, the sum of which is 7.356*, broadentwo of the otherwise E=3 boundaries. In such cases the center point is surrounded by threeE=3 and two deformed E=3 boundaries.
 Higher Order Boundaries: Crystal grains that contain E=3 twins have been observed inmaterials having the diamond lattice. Several examples include silicon 1° ' 2 and diamond13 .
 5
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Higher order boundaries (E=9, E=27 and E=81) have been studied less, but, theyprovide a key to understanding the growth of diamond CVD crystals. This is because highorder boundaries are the locus of the points of intersection of growing planes from twoadjacent twins of order greater than E=3. The boundaries are aligned, therefore, along thelocal growth direction of the crystal and allow, like the "V" shape formations, thedetermination of the growth directions at various points of the crystal as well as thenucleation point of the growing planes in the TEM cross-section. An example of such adetermination is shown, as mentioned before, in figure 8.
 THE ROLE OF TWINNING IN THE GROWTH OF CVD DIAMOND
 A large number of diamond grains have been investigated in the course of our study.In all cases the grains were twinned and the distribution of the twins was irregular. Sincetwinning is very common, it seems that twins play an important role in the growth of CVDdiamond crystals.
 The importance of twins to the growth of germanium has been studied in the past andconsequently utilized to promote the growth of germanium dendrites from the meltt5 19 . Themodel of Hamilton and Seidenstickerf'7 , which utilizes the E=3 twin boundary reentrantangle (1410 between the nonparallel { I 11) plane in the adjacent twins) to explain crystalgrowth, has shed light on the vital importance of twinning to rapid growth of germanium.The model for fast growth calls for a pair of parallel E=3 twin boundaries that form a newreentrant angle as one twin boundary ceases to serve as a preferred growth site. In the casethat only one twin boundary is present, a bicrystalline trigonal solid is formed provided thatall three reentrant corner sites are allowed to grow.
 While twins serve a crucial role in the growth of germanium crystals, this does notseem to be the case in the growth of silicon crystals. Twinned silicon crystals have beengrown from the melt2° , but it is not clear that twins cause fast growth as in the case ofgermanium. In other metals and intermetallics, twins serve as a preferred sites for thegrowth of dendrites. One such example is the growth of cadmium crystals21. However, wewill not discuss this case and limit ourselves to crystals with diamond cubic structure.
 A key to understanding the role of twinning in the growth of diamond crystals in theCVD process is an examination of the stability of a carbon atom attached to a given point onthe surface of a growing crystal. During the formation of natural diamonds (see reference[22] for example) or in commercial high-temperature high-pressure processes, growth doesnot occur in a reactive environment as in the case of CVD growth. A carbon atom attachedto a free surface of the growing crystals under equilibrium growth conditions is relativelystable and can stay in position, thus forming a preferred site for the formation of a new1 11) plane. In CVD diamond growth, it is likely that such an atom would be etched awayby the atomic hydrogen. The harsher the CVD conditions are, the more faceted he diamondcrystals become. Carbon atoms that position themselves in a reentrant angle site will be
 6

Page 9
                        

more stable. When a new plane forms at the reentrant site, it can grow rapidly because thereare stable positions at the step site of the propagating plane. The reentrant site betweentwins can shoot out propagating planes rapidly at a rate that controls the local growth rate(figure 10). The local growth is on adjacent { 111 planes, but, on a larger scale the crystalgrows in the < 211 > directions. A demonstration of the effect of twinning on growth in thediamond cubic structure is given by Hamilton and Seidensticker17.
 Five E=3 twin boundaries, at the most, can meet at a point on a plane, and usually(as discussed above) one of them is actually a E=81 boundary (see figure 10). A twinquintuplet is therefore a favorable nucleation site for new planes, mainly due to the five 1410reentrant angles around the 5-fold axis (see figure 9).
 The maximum number of E=3 twins that can form around a point in space is 20 andan icosahedron forms as they grow. The icosaheiron has 12 twin quintuplets (five-fold axes)and 30 reentrant angle sites serving therefore as a superior nucleation site for the whole of acrystal. During this study we have observed a large number of icosahedral diamond crystalson the first layer formed. This may explain why many of the observed CVD crystals areicosahedral in shape, and the cross-sections exhibit one or more twin quintuplet axes.
 Following the proposed growth model (see figure 10) it is expected that the vertices(5-fold axes) and in certain cases the edges (2-fold axes) of such twinned icosahedrons willbe grooved since they provide the nucleation sites for the new planes. Indeed, this is thecase as illustrated in figure 1I. In fact, such grooves are expected to form also in caseswhen only fractions of the icosahedron develop.
 CONCLUSION
 This study by high resolution electron microscopy of plasma assisted CVD diamondfilms has centered on the determination of twinning parameters and the role of twins in thegrowth of diamond crystals under the characteristic metastable conditions typical to the CVDtechnique. We have shown that the various configurations of twins can indicate the growthdirection in certain parts of the diamond crystal, thus helping us determine the origin of thegrowing planes in various cross-sections of the crystal. We have also shown that thereentrant angle between twins is a preferred nucleation site for growing planes and that atwin quintuplet is thus a superior growth center, because it contains the maximum number ofreentrant angles that can meet at a point. The icosahedral shape of a large number oftwinned diamond crystals and the grooves along the vertices (5-fold axes) and along theedges (2-fold axes) are explained b this study and are consistent with an icosahedral cagecompound precursor nucleation site'-'.
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Table 1. Deposition conditions
 Microwave power - lkWGraphite susceptor temperature - 650 °C
 The temperature of the growing film is known to be considerably higher as a resultof the heating in the microwave plasma.
 Gas pressure - 6.6x1& PaGas flow rate - 260 standard cm3/minGas composition - 99.5% H2 , 0.5% CH4Deposition time - 45 minGrowth rate - 0.4 14m/hTotal thickness - 0.3 m
 Table 2. Diamond lattice twin boundaries
 Twin Type (Coincidence Lattice Site Twinning AngleNotation) (Degrees))
 E=3 70.529E=9 38.942E =27 31.586E=81 77.885
 Table 3. The Structure Factor, F, as a Function of the Atomic Scattering Factor, f. Theparameters (h, k, 1) are the Miller indices of the reflecting plane. When F=0, a reflection isforbidden.
 (h+k+l) odd IFI2=32f 2
 (h+k+l) even multiple of 2 1FI 2 =64f2
 (h+k+l) odd multiple of 2 JF12=0
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FIGURE CAPTIONS
 Figure 1. A twinned region in a diamond foil. The main twinning elements are marked onthe micrograph.
 Figure 2. The twinning elements of the twin shown in figure 1.
 Figure 3. A diffraction pattern from a twinned part of the crystal (left) and the analysis ofthe diffraction pattern (right).
 Figure 4. Twin boundaries found in CVD diamond films.
 Figure 5. Twin boundaries of types E=3 and E=9 that are tilted with respect to the electronbeam. The angles indicate the orientations of local { 1111 axes.
 Figure 6. The E=9 boundary at [B] between the two E=3 twin boundaries forms on asurface that is the locus of intersection points of growing planes on the two adjacent T2 andT3 twins.
 Figure 7. Higher order boundaries (all arrows) are more frequently found in the peripheryof the crystal. Hollow arrows indicate the local growth direction of the crystal.
 Figure 8. Cross-section of a complete crystal. Growth directions are indicated by thearrows; thus, tracing in the opposite direction can aid us in finding the nucleation site of thegrowing planes. Here, the nucleation site is the twin quintuplet indicated by the circle on themicrograph.
 Figure 9. Micrograph showing a twin quintuplet (marked A). A high order twin boundaryof type E =81 is formed which shows a 7.5* mismatch of a set of {111} planes in thecrystals on opposite sides of the boundary (see inset). The geometry of higher orderboundaries and its importance are discussed in the text.
 Figure 10. The growth of a (111) plane starts at points along the 1410 reentrant corner.
 Figure 11. The grooves along the 2-fold edges and the indentation in the 5-fold verticesresult from the growth mechanism described in the text. The grooves are commonly foundalong the intersections of twin habit planes and the surface of the growing diamond crystals.
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FIGURE 1 A twinned rernion Ln the diamond foil. ".h-e main --wnnlnciei-iments are marked on te .7.croqrapn.
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 Fiqure High order twin boundaries (all arrows) are morerequently found in the periphery of the crystal. Hollow arrowsndiate ilso the iocal growth direction of the crystal.
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Figure S. (Cross-section or a compiete crystal. Growth directons are indicated by thearrows: ihus. *racing in Mec opposite ciirection can aid us in fincinp- the nucleation site cof thegrowing planes. H-ere. the nucleation site is the twin Quintuviet indicated by the circle on thlem icrogravn.
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Q.vMicrop-raph showing a twin quintupiet (marked A). A hirah orcer ,%kin tlounoiar-v
 Of tvre =8 I~ is formed whicn shows a 7.5 mismatch ot a set of I I pianes in thie
 crvstais on opposite sides of zhe boundary (see inset). . .;e Leometrv ot ozrrrder
 )ounuaries ana ics importance are discussetu in th re text.
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1410
 Figure 10. The growth of a (111) plane starts at points along the 1410 reentrant comer.
 Figure 11. The grooves along the 2-fold edges and the indentation in the 5-fold verticesresult from the growth mechanism described in the text. The grooves are commonly foundalong the intersections of twin habit planes and the surface of the growing diamond crystals.
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