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DIAMOND GROWN ON SINGLE CRYSTAL BERYLLIUM OXIDE

A. Argoida and J.C. Angus

Department of Chemical Engineering,
Case Western Reserve University, Cleveland, OH 44106

L. Wang, X. L. Ning, and P. Pirouz

Department of Materials Science and Engineering,
Case Western Reserve University, Cleveland, OH 44106

ABSTRACT

Diamond has been grown on single crystal beryllium oxide by hot-filameat
chemical vapor deposition. The diamond particles were characterized by
Raman spectroscopy, and the morphology and microstructure investigated
by scanning electron microscopy (SEM) and plan-view and cross-sectional
transmission electron microscopy (TEM). It has been confirmed that
diamond grew epitaxially on the basal plane of BeO with the epitaxial

relationship {11l}diamond//{0001}geo and <110>diamong rotated by less than 6°

with respect to <1120>g.9. Diamond was also grown on the (1120) prism
plane of BeO. A selected area diffraction pattern obtained from plan-view
specimens indicated the presence of a set of spots that corresponded to the

{1010} planes of hexagonal diamond or to the ;—(422) forbiddea spots of

cubic diamond. During diamond deposition on (1120)3.0 surfaces, small
particles of bervllium carbide (Be;C) were also observed.




[. INTRODUCTION

Diamond films obwmined by various chemical vapor depositoa techniques
are almost all polycrystalline and randomly oriented. However, for
elecronic applicadons single crystal films are desirable. Diamond singie
crystal films with large areas bave only been growm successfully by
homoepitaxy on single crystal diamoad substrates.!-3  Diamond
heteroepitaxy on foreign substrates, e.g., Si*-9, Ni7, Cud, ¢-BN%-!0 and B-
SiCl1.12 has besn limited to smalil areas.

Cubic BN has a similar soucture to diamond and close lardce match (within
2%). However, growth of large single crystal ¢-BIN is probably as difficult as

growing large diamond single crystals.

Diamond interfaces with ¢-BN and BeO have bezn studied theoretically.
These studies show that BeQ is, like c-BN, a potentally good substrate for
heteroepitaxial growth of diamond. The Be-O bond leagth in BeO is 0.163
nm, only 7% greater than the C-C bond length of 0.154 nm in diamond.
Also, the BeQ/diamond adhesion energy was estimated to be 4.6 J/m?,
slightly smaller than that of c-BN/diamond (5.4 J/m?).13.14

One advantage of BeO is that high qualicy large crystals can be easily grown
by a flux process.!5.16 BeQ has the wurwzite crystal stucture!? and only by
heating to temperatures above 2100°C does it transform to tetragonal beta-
beryllia.l3

The wurtzite crystal smucture is based on a h.c.p. lauice with a basis of two
atoms per latuce point; Be at (173, 2/3, 0) and O at (1/3, 2/3, 3/8) or vice
versa.  This structure (Table 1) is geometrically similar to Lonsdaleite
(hexagonal diamond) and thus the first nearest neighbor positions in BeO
are similar to those of cubic diamoad. Since the bonding in both diamond
and BeO is dominated by nearest neighbor interactions, BeO is a particularly
atrractive substrate for the heteroepitaxial growth of diamond.

Very different situations for heteroepitaxy are encountered on the differeat

BeO surfaces. The unreconstructed prism planes, e.g., (1120) and (1010),
pres2nt a situation in which the first and second nearest neighbors are
geometcrically similar to hexagonal diamond. These surfaces arc comprised
of six-membered rings in the "boat” conformation, which should
presumably favor the heteroepitaxial growth of hexagonal diamond (Fig. 1).




The unreconswucted basal plane surface of BeO is comprised of six-
membered rings in the “chair" conformadon. The first aearest aeighbor
interacdons are therefore the same for a2 layer of either cubic or hexagonmal
diamond. Also, because BeQ is non-cenmosymmegic, it is a polar crystal
and the two basal planes are terminated by beryilium and oxygen. We
arbimrarily choose the (0001) surface as beryllium terminated and the

(0001) as oxygen terminated. In an atomic hydrogen eavironment, the
beryilium-terminated basal plane is expected to be more resistant to etching
than the oxygen-terminated plane.l?

O. EXPERIMENTAL

Hot-filament assisted chemical vapor deposidon (HFCVD) is one of the most
popular methods to grow diamond because of its simplicity, low.cost, and
ease of scaling up to large surfaces. However, metal contamination from
the filament has been detected within the deposited film20 and in the
interfacial layers.21.22 Much of this contamination comes from the initial
heating up of the filament at the beginning of the deposition, perhaps from
volatile metal oxides such as WO,. To reduce contamination, we use a
movable molybdenum shutter that can be placed betwesn the filament and
the substrate during start-up. Secondary ion mass spectroscopy (SIMS), was
used to detect W contamination within a continuous diamond film grown on
a scratched silicon wafer, No W contamination was detected either in the
bulk of the film or at the interface berween the silicon substrate and the
film.

Prior to start-up, the molybdenum shutter was placed in between the
filaments and substrate. A flow of 100 sccm of Ha at 20 Torr was started
and the temperature of four filaments connected in series was raised (o
approximately 2000°C. The temperatwre of the substrate holder during this
procedure was approximately 500°C. Since the shutter was between the
filaments and the substrate, the substrate surface was exposed primarily to
molecular hydrogen, which cleans the surface of nitrogen, water,
hydrocarbons, or any other atmospheric contamination adsorbed by the
surface. After ten minutes, a flow of 0.5 sccm of CHa was started. The
shutter was removed 5 minutes later and the distance betwezn the substrate
holder and the filaments reduced from 22 mm w3 mm.  The sample
temperature was estimated by a thermocouple at one side of, and at the
same level as, the sample. The measured temperature was 850°C. The
substrate holder was rotated at 1/3 rpm to ensure deposition uniformity.




After deposition, the samples were examined by conveadonal TEM in 1
Phillips CM20 scagning tansmission eleczon microscope (STEM) operated
at 200 «V. High resoludon wansmission electron microscopy (HRTEM) was
performed in a JEOL 4000EX operated at 400 £V (point-to-point resoludon
of ~0.18 nm at Scherzer defocus). Micro Raman spectroscopy was
performed with a Dilor XY modular Raman spectometer, which has a spadal
resoludon of approximately 1 gm.

OI. RESULTS
A. Diamond growth on (0001)g.0

A single crystal of <0001> oriented BeO was provided by Brush -Wellman
Inc. After verification of its orientation by X-ray Laue reflection, the sample
was cut into small pieces (2x2x2 mm3). The (0001) basal plane was

selected for diamond deposition instead of the (0001) oxygen-terminated
plane, because it is expected to be more resistant to attack in an atomic
hydrogen environment. We determed the polarity of the crystal using the
pyroelectric effect.!9 The samples were polished with 4000 grade SiC paper
and cleaned ultasonically in isopropanol. SEM and Raman spectroscopy
were performed after sample removal from the reactor. Figure 2 shows the
hexagonal-shaped crystals obtained, a nomber of which have the same
orientation. These oriented crystals presented a swong and aarrow Raman
line at 1332 c¢m-! and no broad peak at 1500 cm-! (Fig. 3). '

An unreconstructed step along a <1010> direction on the basal plane of a

wurtzite structure defines a {2110} prism plane. Assuming that diamond
growth on a stepped (000!) surface of BeO takes place by nucleation at the
step followed by lateral growth, one can speculate that the initial deposit
may have the hexagonal structure (Fig. 4a). An unreconstructed three layer
high step on a (000l)g.g surface presents the same geometrical
configuration as boat-boat bicyclodecane (Fig. 4b) proposed as a model
precursor species for the nucleation of diamond.?> Computer simulation of
diamond growth from nuclei with wwo parallel siacking errors, e.g., the
boat-boat bicyclodecane shows that rapid growth of a thin crystal of
Lonsdaleite with the ABAB... stacking sequence can be achieved in the early
stages of diamond growth.24.25 After the elimination of the surface steps,
subsequent growth on this initial layer would presumably be cubic diamond,
which is more stable than the hexagonal phase. This may be the reason that




the oriented crystals that we observed in this study arz hexagomal in shape
but have a cubic Raman signal at 1332 cm-!.

We prepared a <1120> cross-secdonal TEM specimen from the BeQ (000I)
sample for conventional and high resoludon TEM. Figures ja and 50

respectively show a cross-secdonal micrograph and the corresponding (110]
zone axis diffracdon pattern of cubic diamond with the elecon beam

approximately parallel to (1120)geo0. To reach the [110] zome axis of
diamond it was necsssary to tlt ~6° around the [00Q1] directon of BeO.

This 6° misorientation berween the [(110] zone axis of diamond and the

(1120] zone axis of BeQO can be observed in Fig. 5c, which shows the
selected area diffraction pattern of the diamond/BeQ interface. The black
arrows in this figure identify the 111 diffraction spots of diamond. A set of
weak spots (white arrows) corresponding to 0001 BeO diffraction spots
planes are located along one set of Il diffraction spots of diamond. No
other structure has been found at the interface between the diamoad
particle and BeO.

These results show that the diamond partcle in Fig. 5a has grown epitaxially
on BeO such that the (111) planes of diamond are closely parallel to the

(0001} planes of BeO and <110>gjamond is rotated by -6° with respect to

<1120>g.0. No microsouctural details can be seen in Fig. 5a because the
diamond particle is too thick.

The same sample was further wreated by ion milling to get a thinner
interface for high resolution TEM. Figure 6a is a TEM micrograph of the
same single crystal diamond grain shown in Fig. 5a. At the top left comer of
this micrograph, a micro-twin band can be observed that lies on (111)
diamond planes parallel w0 the (0001) BeO surface. The diffraction pattern,
Fig. 6b, from this corner clearly shows one set of twin spots (white arrows)
located at one-third of the distance between the transmitted beam and the
primary spots from the untwinned diamond; this is typically observed in
CVD diamond films.28 Figure 6¢c shows an HRTEM image of the diamond.

Since the diamond grain is in a (110] orientation, two sets of {l11} fringes
with 0.206 nm spacing are visible. Note that micro-twins are only present
with their (111) habic planes parallel to the (0001) surface of BeO. The 6°

misorientation between the [110]diamond and the [1120]g.o zone axis
makes it impossible to obtain a good HRTEM image of BeO and diamond
simultaneously, and thus also- from the BeO/diamond interface.




Tildng the specimen w0 the (1120] zone axis of BeO (Fig. 6d) made it
possible to observe the (1100) and (0001) fringes of BeQ with 0.234 n m

and 0.438 nm spacings, respecdvely. The (11I) diamond planes visible in
Fig. 6d form an angle of ~70° with the (0001) planes of BeO. This
corresponds to the angle between (111} crystallographic planes of cubic
diamond (70°32') and shows that the (111) diamond planes are parallel to.
the BeO (0001) basal plane.

Similar results have besn obtained with another <1120> cross-secdonal TEM
specimen prepared under the same condidons. Figure 7a shows a cross-
sectional micrograph of a diamond pardcle grown on the basal plane of
BeO. In this micrograph the diamond particle is connected to the BeO
substrate only at its periphery with its center separated from "the basal
plane; the bright contrast at the interface forms an angle of approximately
5% Some micro-twins bands parallel to the BeO surface can also be
observed in the right hand side of the diamond particle. A selected area
diffraction pattern (Fig. 7b) was obtained from the right hand interface
between the diamond particle and the BeO substrate. This diffracton
pattern corresponds to a <l10> zome axis of cubic diamond with the

elecmon beam dlted less that 3° with respect to <1120>g.9. A set of spots
(black arrows), corresponding to (000l}g.o planes, form an angle of ~8°
with one set of 111 spots of cubic diamond (white arrows). We believe that
at the early stages of growth, the diamond particle has grown with one of
its (111) planes parallel to the (0001)BeO surface. During the process,
internal stress produced the separation between the diamond particle and
the surface to form the angle of 8°.

The epitaxial relationship found corresponds to the ideal superposition of
the (111) planes of diamond on top of the (0001) basal planes of BeO as
show in the model presented in Fig. 8. Here it is assumed that the carbon
atoms are bonded to the Be atoms at the interface.

B. Diamond growth on (1120)Be 0O

A single crystal sample of BeO with a (1120) surface, also obtained from
Brush Wellman Inc.,, was prepared for plan-view TEM prior to diamond

deposition.  Several 3x3 mm? sections were cut from the original (1120)
oriented sample after verification of its orentation by X-ray Laue reflection.
The substrates were then mechanically thinned to a thickness of 100 g m




using a final polish with 4000 grade SiC paper. They were then dimpled t0 2
thickness of 30 um at the cenwal region. Finally, ioa-milling from both
sides of the subsmate with 5 kV Ar™ produced a hole at the center of the
sample. At this stage the samples were ingoducsd to the CVD reactor. The
depositdon condidons were the same as those used for (0001)geo substrate;
only the deposition dme was shorter (4 hours) in order to swdy the inidal
stages of nucleation. Figure 9 shows a SEM micrograph of oage of the
samples prepared in this way after Au sputering to avoid charging of the
insulating BeO subsmate. Only diamond partcles grown in the thinner
regions of the subszate were useful for TEM swudies. This micrograph alsa
shows that the surface of the sample is rough and stepped, and thus it is
possible that some of the diamond partcles did not grow direcdy on the

(1120) plane of BeO.

A dark-field image of a diamond particle is observed in Fig. 102 with the
corresponding selected area diffraction (SAD) pawern (Fig. 10b) obtained
from the top corner of the diamond. The beam direction in this figure is

parallel to the ([1120] zome axis of BeO. The arrowed spots in Fig. 10b

idendfy the (1100), (1101), (0001) and (0002) pianes of BeO and the white
ones correspond to one set of {111} planes of cubic diamond. The exma
spots observed in this figure come from double diffraction whea the
original electron beam is diffracted by some of the (111} planes of the
diamond particle on top of BeO. The geomemy is such that the diffracted
beams from the diamond particle are incident on some of the BeQ planes at
the Bragg angle. Effectively, these exma spots disappeared whea the
specimen was tilted a few degress about the axis connecting the 11l spots
of cubic diamond. Under these conditions, the extra spots in this
diffraction pattern formed a similar dark-field image as the one shown in

Fig. 10a.

The same diamoand particle was tilted so that the beam direction was
parallel to the [1l1] zone axis. The corresponding diffraction patiern is
shown in Fig. 10c. The six strong spots around the transmitted spot
correspond to {220} planes of cubic diamond (d = 0.126 am). Figure 10d
shows a dark-field image of the diamond obtained from one of these strong

spots. The three black-arrowed spots in Fig. 10c correspond to the (1100),

(1100) and (0113) planes of BeO. In addition, six weak spots (white
arrows) appear around the direct spot. From their spacing (d = 0.219 am),

these could be assigned to 1010 spots from hexagonal diamond or to the




%(422) forbiddea spots from cubic diamond. The latter could ocsur
because of incomplete unit cells at the {l1l} surfacss of diamond.?” As

mentioned before, the unreconswucted (1120) prism plane preseats 2
"boat” struccture favorable for the heteroepitaxial growth of hexagoaal
diamond. In this case a buifer layer of hexagonal diamond may grow at the
surface of BeQ before a cubic diamond smucture stars growing. Fumre
work, e.g., cross-sectional specimens, will be necessary to confirm the
presence of this buffer layer.

Small particles of beryllium carbide (Be,C) were also present in this sample.
Figure lla shows a SAD pattern obtained from a Be,C partcle. The 020,
220 and 200 diffraction spots of Be;C are indicated by black arrows, while

the white arrows identify the 0001, 1100 and 1101 diffraction spoc's‘ of BeO.
This indicates that the electron beam is parallel to the [001] direction of

Be,C and the [1120] direction of BeO. Figure 11b shows a dark field image
of the Be,C particle. Note that some small Be,C partcles also light up. The
squcture of the small particles has been also confirmed by the HRTEM

micrograph shown in Fig. 1lc where the (1010) and (000!) fringes of BeO
with 0.234 nm and 0.438 am spacing, respecdvely, are observed. The Be,C

partcle shown is in a [110] orientadon and two sess of (111} fringes with
0.247 nm spacing are visible. Beryllium carbide has the ancifluorite
structure (Table 1) and is easily hydrolyzed by contact with moist air to
form Be(OH)» at room temperature.28-29 Its presence indicates that Be,C
can be stable in small quandties, or when it is protected by a very thin layer
of another materal. In any case, its formation should be avoided for
diamond heteroepitaxy because its presence is not favorable for this
purpose.

IV. CONCLUSIONS
The conclusions can be summarized as follows:

(i) Diamond particles were grown hetercepitaxially on the basal plane of
BeO with an  epitaxial relationship [lllldiamo.,d /l {0001}geo and

<110>4i3moaa rotated by less than 6° with respect to <1120>g.0. Since large
crystals of 3eO can be grown, this material is a potential substrate for
growing diamond single crystals, or highly oriented diamond films.




(if) HRTEM image and SAD pauems of the diamond/BeQ interfacs show
that, under the conditions udlized, ao interfacial phases {orm during the
deposidon of diamond on BeO.

(iii) No epitaxial reladonship has been found when diamond is growu on
(1120)Be0-

(iv) Small particles of Be,C have been found when diamond is grown on the

(1120) prism plane of BeO.

(v) SAD pattern of diamond grown on the (1120) prism plane of BeO shows

the presence of weak spots that can be assigned to either the forbidden

51-(422) spots of cubic diamond, or the 1010 diffraction spots of hexagonal

diamond.
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Crystallographic model of the ideal heteroepitaxial growth of

hexagonal diamond on the (1120) surface of BeQ. Grey, white
and black balls are respecdvely carbon, oxygen and beryilium
atoms. It is assumed that C is bouded to Be at the interface.

chagonal-shaped diamonds, some showing the same orieatadon,
grown on the (0001) basal plane of BeO.

Raman signal of cubic diamond partcles shown in Fig. 2.
(a) Crystallographic model representing an initial deposit of
hexagonal diamond on an unreconstucted three layer step of

(0001)geo. Grey, white and black balls are respectively carbon,
oxygen and beryllium atoms.

(b) Boat-boat bicyclodecane with two parailel stacking errors.
Positdons of two carbon ad-atoms are shown as black circles.

() <1120>g.o cross-sectional TEM micrograph of diamoad oa
BeO.

(b) (110] zone axis diffraction partern of the diamond single
crystal shown in Fig. Sa.

(¢) (110]diamond SAD pattern from the BeO/diamond interface
shown in Fig. Sa.

(2) TEM micrograph of the diamond grain shown in Fig. Sa
after further ion milling.

(b) Set of twin spots between the 1l diamond diffraction spots
corresponding to the plane parallel wo the (0001) BeO surface.

(c) HRTEM image of the (110] oriented diamond. (111} fringes
with 0.206 am spacing are visible in the diamond.

(d) HRTEM image of the (1120] oriented BeO where traces of




(1100) and (0001) pianes with 0234 nm and 0.438 am spacing,

respecdvely, are visible. The (11i) diamond pianes form n angie
of ~70° with the (0001) planes of BeO.

Figure 7. Crystallographic model of the ideal superposidon of (1I1) |
diamond on top of the (0001) basal planes of BeOQ. Grey,
white and black balls are respectvely carbon, oxygea and

beryilium atoms.

Figure 8. (a) <1120>g.0 cross-seconal TEM micrograph of diamond on
BeO.

(0) [110]diamond SAD pattern from the BeO/diamond interface.
Black arrows denote BeO 0001 diffraction spots. White arrows
denote 111 diffraction spots from cubic diamond. The angle
between (0001)geo and (1l1)giamond is approximately 8°.

Figure 9. SEM micrograph of a (1120)geo plan-view TEM sample after
diamond deposidoa.

Figure 10. (a) Dark-field image of diamond grown on (1120) surface of
BeO.
(b) SAD pattern obtained with the elecoon beam parallel to
(1120] zone axis of BeO. Black-arrowed spots idendfy the

(1100), (1101), (0001) and (0002) planes of BeQ; the white
arrows denote correspond to one set of {111} planes of cubic
diamond. The extra spots observed in this figure come from

double diffraction.

(c) Diffraction pattern of diamond shown in Fig. 10a dlted to its

(L11] zone axis. The six strong spots correspond to the [220}
planes of cubic diamond. The three black-arrowed spots are
from BeO and the six weak spots (white-arrowed) can be

assigned as 1010 of hexagonal diamond or the %(422) forbidden
spots of cubic diamond.

(d) Dark-field image of the diamond obtained with one of the
{220} planes shown in Fig. 10c.




Figure 1l. (a) SAD pamem obuined from the large Be2C particie showu in
Fig. 11b. Black arrows denote the 020, 220 and 200 diffracdon

spots of BepC. White arrows demote the 0001, 1100 and 1101
diffracdon sposs of BeQ.

(b) Dark field image of Be2C formed from ome of the black-
arrowed spot shown in Fig. lla.

(c) HRTEM micrograph of a small Be2C partcle on BeQ showing
the (1010) and (0001) fringes of BeQ with 0.23¢ nm and 0.438

nm spacing respectively and two sets of (111) fringes of Be2C
with 0.247 am spacing. o




Figure 1. Crystallographic model of the ideal heteroepitaxial growth of

hexagonal diamond on the (1120) surface of BeO. Grey, white
and black balls are respectively carbon, oxygen and beryllium atoms.
It is assumed here that C is bonded to Be at the interface.

Figure 2. Hexagonal-shaped diamonds, some showing the same orientation,
grown on the (0001) basal plane of BeO.
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Figure 3. Raman signal of cubic diamond particles shown in Fig. 2.
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Figure 4. (a) Crystallographic model representing an initial deposit of
hexagonal diamond on an vnreconstructed three layer step of
(0001)Bc0. Grey, white and black balls are respectively carbon,
oxygen and beryllium atoms.

(b) Boat-boat bicyclodecane with tw
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Figure 5. (a) <1 1§0>3¢o cross-sectional TEM micrograph of diamond on
BeO.

Figure 5. (b) (110] zone axis diffraction pattern of the diamond single
crystal shown in Fig. 5a.




am

Figure 6. (a) TEM micrograph of the diamond grain shown in Fig. 5a after
further ion milling.




Figure 6. (b) Set of twin spots between the 111 diamond diffraction spots
corresponding to the plane parallel to the (0001) BeO surface.
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Figure 7. Crystallographic model of the ideal superposition of (111) diamond
on top of the (0001) basal planes of BeO. Grey, white and black
balls are respectively carbon, oxygen and beryllium atom:s.
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Figure 8. (b) [110]diamond SAD pattern from the BeO/diamond interface. Black
arrows denote BeO 0001 diffraction spots. White arrows denote 111
diffraction spots from cubic diamond. The angle between (0001)Be0O

and (111)diamond is approximatly 8.



Figure 9. SEM micrograph of a (1120)g.0 plan-view TEM sample after
diamond deposition.




Figure 10. (a) Dark-field image of diamond grown on (1120) surface of BeO.

Figure 10. (b) SAD pattem obtained with the electron beam parallel to [1120]

zone axis of BeO. Black-arrowed spots identify the (1100), (1101),
(0001) and (0002) planes of BeO; the white ones correspond to one
set of {111} planes of cubic diamond. The extra spots observed in

this figure come from double diffraction.




Figure 10. (c) Diffraction pattern of diamond shown in Fig. 10a tilted to its

[111] zone axis. The six strong spots correspond to the {220} planes
of cubic diamond. The three black-arrowed spots are from BeO and

the six weak spots (white-arrowed) can be assigned as 1010 of
hexagonal diamond or %(422) forbidden spots of cubic diamond.

Figure 10. (d) Dark-field image of the diamond obtained with one of the { 2§O]
planes shown in Fig. 10c.




Figure 11. (a) SAD pattern obtained from the large Be2C particle shown in
Fig.11b. Black arrows denote the 020, 220 and 200 diffraction

spots of Be2C. White arrows denote the 0001, (1100) and (1101)
diffraction spots of BeO.

Figure 11. (b) Dark field image of Be2C formed from one of the black-arrowed
spot shown in Fig. 11a.
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(c) HRTEM micrograph of a small Be2C particle showing the (1010)

and (0001) fringes of BeO with 0.234 nm and 0.438 nm spacing
respectively and two sets of (111) fringes of BepC with 0.247 nm

spacing.

Figure 11.
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Anowmalous hand-gap behavior and phase stability of c-BiN~diamond alloy's

Walter R. L. Lambrecht and Benjamin Segail
Department of Physics. Case Western Reserve University. Cleceland. OH §4100-7079
{Received Octaber 6. 1992)

Electronic structure calculations predict that hypothetical ordered mixed crystals of ¢-BN and
dianmond-(' representative of the expected short-range order in the allors show a very promounced
hand-gap bowing. This anomalous behavior is believed to be related to the staggered band line-ap at
the corresponding heterojunction. The miscihility phase diagram of this svstem i estimated using a
simpie psendohinacy “regular solution™ model for the short-range order and the energies of formation
of the representative ordered compounds calculated from first-principles. It indicates that there is
only very limited mutual solubility in the solid state. The bandgaps and energies of formation of
the disordered ternary alloys are estimated by means of cluster expansions.

PAC'S: 71.25.Tn. 61.55Hg

[. INTRODUCTION

Diamoud and c-BN have recently received considerable attention because of their promising materials properties
for abrasives, heatsinks. protective coatings and even wide-band-gap semiconductor applications. This interest stems
from the extreme values of these two materials’ properties such as hardness, thermal conductivity, elastic constants,
and band gaps [1]. The recent interest has surged as a result of the increased availability of these difficuit to obtain
materials. This in turn resulted from the development of a number of novel growth techniques among which are
energetically enhauced (plasma. hot-filament. microwave) chemical vapor deposition (CVD) 2], laser ablation [3] and
jon heam techniques [d]. A basic difficulty common to both materials is that they are thermodynamically only stable
at high pressures, the low-pressure ground states being the lavered hexagonal phases: graphite and h-BN.

Mixed (-BN layered hexagonal phases have been synthesized by a number of groups [5-7] and studied theoretically
hy Liu et al. (8]. Badzian [5] has synthesized mixed crystals of diamond and ¢-BN by a high-pressure high teniperature
phase transformation technique starting from the layvered hexagonal mixed crystals. Attempts to grow cubic mixed
phases by ('V'D have so far failed.

In this paper. the results of electronic structure calculations of the cubic (BN),Caqy-,, svstem are presented. This
study complerients a previous study of the diamond/c-BN heterojunction (9]. Our calculations address the question of
the hand gap behavior. the energy of formation and the phase stability. Rather restrictive but plausible assumplions
are made about the short-range order in this alloy system.

The paper is organized as follows. Sec. 11 describes the computational approach. Sec. 111 deser hes the assumptions
about the sort-range order. In section IV, we first discuss the results for the band gaps of the ordered compounds,
next the phase diagram of the alloys, and finally. the properties of the disordered alloys. The conclusious of this work
are sunnnarized in Sec V.

I COMPUTATIONAL METHOD

The recults presented here were obtained using Andersen’s linear muffin-tin orbital method (LMTO) in the atomic
sphere approximation (ASA) incliding the so-called combined coreection [10]. The Kolin-Sham local density functional
theory (1] is used with the exchange-correlation parametrization of Hedin and Lundyvist (12].

The local density approximation (LDA) is well known to underestimate the band gaps hecause the Kohn-Sham
eigenvalies are nol strictly speaking quasiparticle excitation energies. In this work, we estimate the quasiparticle self-
energy correction using an expression derived by Bechstedt and Del Sole (13]. The latter ix based on an approximate
treatinent of Hedin's (GW approximation [14]. In Bechstedt and Del Sole’s treatment {13]. local fiell effects are
neglected and matrix elements are calculated with a simple tight-binding approximation to the LDA wave functions.
o the final closed expression of the correction.
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only well-kuown yuantities appear such as the dielectric constant ¢,. the Thomas-Fermi screening wave vector 47 r.
and r.pp = (1= aplra/2+ (1 +up)rg/2] with ry aud rg effecive radii of cation and auion Slater orbitals given
by ryp = a/47(1.7 F0.05(24 - Zal) with a the cubic lattice constant and the bond poiarizahilities ap haset an
Harrison's universal tight-binding theory [15].

QOur approach to studying the disordered alloys involves two parts. The first is the calculation of properties of
ordered compounds representative of the assumed short-range order. In the second part. the statistically averagei
properties of the disordered allovs are determiined by a cluster expansion whose coefficients are derived by a mapping
of the cluster expansion to the ordered crystal results. This is a generalization of the Connoly-Williams approach(16].
In the following section, we discuss our assumptions ahout the short-range order and the choice of ordered structures.

I11. MODEL OF SHORT-RANGE ORDER

The short-range order in teterahedrally bonded heterovalent ternary allovs. of which the presently studied (-BN
syslenn is a particular case. has heen discussed vigorously in a set of papers mostly in the middls ¥’s. Extensive
experimental and theoretical studies were devoted to (GaAs),Geayy_,y. (GaSh),Geagyopy [17-26]. A recent overview
of the field can be found in Ref. (26].

Iu the dilute limit of the 111-V component in the alloy, one may expect isolated group-111 and group-V impurities in
a diamond lattice. That is. one can expect group-11I and group-V elements to occur on either of the two fec-sublattices
of the diamond lattice with equal probability. At a higher concentration of the 11I-V component onr may expect a
transition to a nominally zinc-blende lattice in which the group-IlI element has a statistical prefereuce for oue of
the sublattices and the group-V element for the other. The simplest way to view this trausition is as a percolation
problem [18]. More sophisticated treatments will include energetic and/or sutface growth considerations.

From an energetic point of view. one may expect that the group-HI and group-V elements would tend to be nearest
neighbors. This is because the IV and IV-V (AZ = %1) bouds are under- and oversaturated respectively by
1/4 electron/bond. Oue thus can gain up to ~1/4 of the bandgap £ by charge transfer from one to the other.
This compensation lrads to charged Zunor and acceptor bonds which costs electrostatic energy. As a result, the
compensation is most effective for nearest neighbor 11I-1V and IV-V¥ bonds in which case the electrostatic energy cost
is minimized. Tlies» compensation eflects between over-and undersaturated bonds have been discussed by Daudrea
et al. {27] and Lambrecht et al. {28).

For similar electrostatic reasons. AZ = 2 bounds V-V and I1I-111) are unlikely to occur. These basically correspond
to antisite defects, which have a large energy of formation [29]. The same conclusion is reached from a study of inversion
domain boundaries in GaAs [28]. In the case of the Ge-based alloys. there has heen a controversy over the presence
or absence of the AZ = %2 so-called “wrong™ bonds [20.22]. It was shown by Holloway and Davis [22] that their
presence in any significant amount would lead to a closure of the gap because of the associated deep levels. This
would be in disagreement with the experimental data on the bandgap behavior in these alloys and this was us~i as
an argument for their absence.

Osorio et al. [26] included the above mentioned electrostatic effects explicitly in a statistical thermodvuamics
treatment of these alloys. They concluded that the electrostatic effects tend to stabilize the zinc-blende ordering over
the diamond structure. Below the melting temperature, however. both phases were found to he unstable lowars
phase separation over most of the composition range. The energetic arguments against the AZ = +2 honds and for
the “clustering™ of AZ = %1 bonds ace even stronger for compounds with larger ionicity and thus are more compelling
for ¢-BN than for the GaAs and GaSh cases studied earlier.

From Badzian’s X-ray diffitaction studies [5]. it appears that at least partial zinc-hlende ordering can he assumed
for the solidl solutions of cubic C-BN prepared by him. That is. the B and N ions maintain a preferential occupation
on separate fee sublattices of which a certain percentage are replaced by carbon atoms in the mixed crystal.

In view of the above, we assume that the short-range ordering is characterized by (1) absence of B-B and N-
N bonds. aud (2) nearest neighbor positioning of B and N leading to local compensation of B-C' and N-C' homds.
These plansible assumptions correspond basically to assuming an almost perfect local charge nentrality and loral
staichiometry. Obviously, this cannot be strictly applicable in the dilute limit of small 7 in (BN),Cayy-,). Wr chooss
here not to treat the controversial subject of the zinc-blend»-to-diamond transition. Rather. we focus on the coars:r
problent of the miscibility and the properties of the most plausible short-rangs order structure over most of the
composition range (excluding r € 1). which. as argued above. has the zinc-blende siructure.

As a starling point. we study hypothetical ordered structures based on the zine-blende structure. The models we
investigated correspond for » = 0.5 to the Ly, and for r = 0.25 and r = 0.75 to the L,, fcc-superlattices of BN
and ('3 “wolecules™ oriented along the (111) direction. Of course. this does not imiply that we atttach a nwaning
to these molecules as independent or weakly interacting entities. The system ohviously is not a molecular crystal.
This choice corresponds to the Connolly-Williams (CV) [16] B, Cy-n structures with » € {0.1.2.3.4} on oue of the




fce-sublattices. In »ach of these. there occurs exactly one type of the B, Cy_. fcc-nesrest neighbor tetrahedra. Thess
tetrahedra form the basis of the cluster expansious used for the statistical tratment of the disordered allovs. For the
purpose of statistically averaging the properties of the alloys. there is a onsto-one correspondence batween the five
hasic tetrahedra and the five CW-structures.

Iv. RESULTS
A. Band gaps of ordered compounds

We start with a discussion of the bhai ' .ps of the pure materials. The bandgap of c-BN has heen somewhat
controversial in the past because of the difficuity of obtaining single crystals of adeyuate size. A value of 6.4 e\ as
obtained by absorption measurements by Chrenko (30} on high-pressure synthesized cyrstals (31]. Recently. Mishima
(32] measured the optical absorption edge to be 6.1 £0.2 e\". Our previous calculations yield=d a band gap of 4.46 V
within LDA and 6.4 #V incloding the Becistedt-Del Sole correction. The band gap of diammoned obtained by the same
computational approach was 5.6 eV (4.1 eV in LDA) in fair agreement with the experimental value of 5.5 e\". From
our and their sxperience, the Bechstedt-Del Sole approach is usually found to give a slight overestimate with errors
of the order of a few 0.1 eV at most.

Based on the fact that the band gap of ¢-BN is larger than that of diamond. one might expect that mixed diamond-
c-BN crystals would have band gaps larger than that of diamond. The calculated band gaps of ordered compounds
are showu in Fig. 1. The LDA values are indicated by squares. the corrected values [33] by diamonds. Contrary
to simiple expectations, one sees that the gap initially shows a dramatic decrease upon alloying ¢-BN into diamond.
Even for the 75 % c-BN compound, the gap is smaller than that of diamond.

We believe that the reason for this anomalously strong bowing of the bandgap can be understood in terms of the
alignment of the energy bands in ¢-BN and diamond. As was shown in our earlier work on the heterojunctions between
these two solids, the band offset is of the so-called type-Il, (i.e. staggered type). as shown in Fig. 2. This means
that the valence-band maximum of the composed system (mixed crystal or heterojunction) is mainly C-like while the
conduction-band minimum is mainly BN-like with. in fact. a significant B-component because of the cation nature of
the latter. This implies that the effective band gap of the system is lower than that of either of the two pure materials.
The effect, in fact. is slightly more pronounced in the Ly, structure studied here, which is a 1+ 1 (001) superattice,
than it is in larger period superlattices approaching the semi-infinite heterojunction [9]. This effect clearly may he
expected to occur in other alloy systems in which the heterojunctions between the two constituent semiconductors is
of type 11, e.g. SiC’/BP [34].

B. Phase stability

As already mentioned, it is not clear that this system is a true solid solution in the thermodynanmic ssnse. First of
all, this appears not 1o be the case for the other heterovalent ternary alloy systems, and sacondly one may expect phase
separation on the basis of the high interface energy of formation that we previously calculated for the heterojunction
[9]. We discuss the miscibility phase diagram here within a very simple approximation.

First, in accordance with the assumptions about short-range order discussed in Sec. 11, we treat the alloy-problem
as a pseudobinary system of BN and C2 “molecules™. Secondly. the total energy of the solid solution is expanded in’
a cluster expansion using the above described fcc-tetrahedron approximation. The cluster energies are identified with
the energivs of formation of the corresponding C\We-structures as explained in Sec. 111

For simplicity. we ignore the small lattice mismatch (~ 1 %) between diamoud and ¢-BN. Thus we oniy need the
eurrgy of formation at theie equilibrivm volume. These ace found from our first-principles total energy caleulations
to follow a parabola very closely, that is

AH.(r) = 4AHar(l = 1) ' (2)

with MM the energy of the Ly, conpound equal to 0.45 e\'/atom. The subscript o™ stands for “ordered”™ compound
as opposed to the disordered alloys. While in general the C\W-cluster expansion is eyuivalent to a generalized Ising
spin model including triplet and tetrahedeon interactions. the special case of a parabolic dependence on r is well
known to correspond to the Ising model with only nearest neighbor pair interactions.

H=-3 555, | (3)
(i)

In the preesnt case. Jo > U since like “molecules™ prefer each other over unlike ones as nearest arighbors. This




is indicated by the positive energy of formation of the compounds. This means that the alloy statistics in this
approximation is mapped on that of the well known ferromaguetic Ising model.

We hriefly recall the “regular solution™ or mean-firld trentment of this problem. In this model. the entrop. of
mixing is approximated by the point-approximation in which § = =k{rInr = (1 = r)In(1 = r)] with k the Boltzman
constant. The free energy hecomes F(r.T) = AH,(z) = TS(r). At low temperature. this function shows a maximum
at r = 0.5 and two minima symmetrically located on either side as shown in Fig. 3. With increasing temperature. the
Lwo minima converge towards the maximum until above a certain critical temperature. Tyye;. they merge together in
a single minimum at 50 %. The locus of these minima in the r = T plane describes the miscibility gap (binodal line)
and is given by

kT/AHs = (Br = 4)/[lur =In(l-r)). (4)
The region where d*F/dr? < U is unstable and is bounded by the spinodal line
kT/AH» = 8r(l - 2). {5)

The critical temperature Ty = 23Ha/k = 7700 K.

The ferromagnetic Ising model has been treated by means of more sophisticated statistical methods. such as
Kikuchi's cluster variation method (CVM) [35.36]). With increasing size of the clusters taken into account in the en-
tropy expression. one obtains a decreasing correction factor of 0.833-0.830 for Ty relative to that for the tegular solu-
tion approximation. The most accurate value known for the critical temperature was obtained by a high-temperature
expansion [37] which gives the critical temperature as 0.81627 times the critical temperature of the regular solution
model. Even with this correction factor. Tyrg = 6300 K.

This is nuch higher than the melting temperature, which was estimated to be ~3500 K for ¢-BN and ~4000 K for
diamound at ~10 GPa[l]. A tentative phase diagram including the renormalization of the critical temperature and the
position of the liquidus line is shown in Fig. 4(a). As can be seen. our model predicts very limited mutual solubility of
¢-BN aud diamond in the solid state. in apparent conflict with Badzian's claim of having synthesized solid solutious
of compositions 0.15 < rgn < 0.6.

\We next consider possible improvements to the simplified treatment given above. Including the lattice mismatch of
about 1 % requires expanding diamond and compressing ¢-BN to the common lattice constant of the mixed crystal
which will cost an additional energy AE.. This should be followed by a relaxation of the bond lengths in the ailoy.
releasing an energy AE,. These two effects partially cancel each other. We estimate that this may change the energies
of formation and thus the temperature scale by at most a few percent. This would thus not alter our conclusion that
the miscibility eritical temperature lies well above the melting temperature.

A more important consideration might be the inclusion of long-rangs correlations. In some common-anion psen-
dobinacy systems. this has been shown to lead to lowering of the miscibility critical temperature by as much as 60
% [3%]. A renormalization of this magnitude would bring Tasg down to the order of the melting temperature. I
particulac, the fourth nearest neighbor pair interaction, which is between cations linked along the bond-chains in the
(110) direction. was found to be quite important in Ferreira et al.’s [38] work. Since this has been found to he a
rather general feature (38,39]. a similar effect may well occur in the present system. For the purpose of illustrating,
the following discussion. we show in Fig. 4(b) another tentative phasediagram which includes a 60 % renormalization
due to these effects.

A complete treatment of long-rangs effects is bevond the scope of the present paper. Such a treatment should
probably he based on extensions of the Blume-Emery-Griffiths S = 1 spin Hamiltonian [40] which was fiest applied
to the problem of heterovalent ternary (1-V)=1V alloys by Newman et al. [20]. The generic phase diagram of this
model Hamiltonian is characterized hy the presence of a miscibility gap and an oreder-disorder transition hetwern the
zine-blende and diamond phases in the solid solution region above the miscibility gap which ends at the binodal line
in a tricritical point. We have thus tentatively indicated a zinc-blende-to-diamond transition in Fig. 4(b) with the
understanding that the position of the transition is. of course. not known at this poiut. as is indicated by the question
mark. We tentatively placed the line close to the diamond limit because Badzian’s [5] resulls indicate that at least
partial zinc-blende ordering was present in his samples down to r = 0.15. We emphasize that the form of the phase
diagram shown here is very schematic. See for e.g. the papers of Newman et al. [20] and Osorio et al. [26] for realistic
phase diagrams of the S = 1 Hamiltonian for various values of the relevant parameters.

In the situation depicted hy Fig. 4(h). one may imagine quenching the system from abhove the miscibility gap
to lower temperatures. Ahove the miscibility gap, but below the melting line. the system would either have the
diamond or zine-blende —depending on which side we are of the order-disorder transition line— solid solution phas-
as thermodynamic eynilibriuvm state. The corresponding phase would thus be frozen in at low temperature. The
argnment behind this is that at temperatures low with respect to the melting point phase separation wouhl he




hindersd by kinetic harriers which we will see are large. In a slight variation of this picture. one imagines the oreler.
disorder transition line coutinued inside the miscibility gap as a metastable transition. In that case. il we ars a1 a
point vertically helow a thermodvuamic equilibeium zinc-hlende phase. but on the lefl of e metastable transition
line, the diamond phase would have a lower free energy than the zinc-blende phase, even though both have higher
free euergies than the phase separated state. The argument that such a transition could occur is that the change
from zinc-blende to diamond ordering requires only local rearangement of the atoms. This is less hindeemd by kinetic
barriers than i3 phase separation. Of course. the speed at which the temperature of the system is lowen=l conld
determine which of the the two outcomes prevails.

We note that there has been significant controversy regarding this picture in eitiwer of its two variants. A proposel
alternative theory is that the order-disorder transition between the diamond and zinc-blende phases. fouml experi-
mentally for the Ge-based alloys. is purely of surface growth kinetic origin [21.22]. Still another possibility sugge=ste
by Osério et al. [26] but remaining to be explored is that a surface thermodynamic eyuilibrium phase gets frozen in
because of ahsence of full hulk thermodynamic eyuilibration.

Oue way to test the validity of the “bulk thermodynamic™ approach to this problen: is to calculate the relevant
interaction parameters from first-principles. There have only been limited attempts to caiculate the interaction
parameters of the § = 1 Hamiltonian from electronic structure calculations. The existing calculations {24-26] lrad to
parameters which would give a very high miscibility temperature (significantly higher than the liquidus fine). Those
results are stimilar to our present findings for the (-BN system. Osério et al. [26] found this to he true even when
AZ = £2 bonds were excluded and the electrostatic and AZ = +1 compensation effects were taken into account
as, in effect, has been done in the present work by our assumptions about short-range order. Now, a miscihility gap
temperature above the melting point. as depicted in Fig. 4(a). makes the scenario of quenching in the zine-blende forin
from a high temperature solid solution impossible. This fact lends indirect support to the idea that surfacs (kinetic
or pseudo-equilibrium thermodynamic) effects need to be invoked to explain the zinc-blende ordering. Indeml. a
miscibility gap temperature above the melting temperature would indicate that the mixed crystals or allovs can only
be formed by condensation or solidification of a mixed gas or liquid phase in which. of course, a zinc-blende ordering
does not. make sense.

The “solid solutions™ of c-BN-diamond obtained in Badzian's work [5] were obtained by direct {i.e. non-catalytic)
solid state trausformation of hexagonal C-BN crystals (obtained by CVD) at high temperature > 3300 K and pressures
of ~ 14 GPa. As stated in the paper, temperatures above the melting temperature may bave occured in the ceuter of
the sample. Thus. the synthesis of mixed crystals does not contradict our prediction of the miscibility gap temperature
being above the melting point.

In stimmary. by analogy to the more extensively studied Ge-based ternaries. the phase diagram of Fig. 4(a)
following directly from our calculations. appears more likely than that of Fig. 4(b). Nevertheless. we note that none
of the calculations of heterovalent ternaries so far has included the type of long-range effects which were found to
he hportant for common-anion pseudobinaries. We can thus not completely exclude the situation indicatmf in Fix.
4(h). The experimental evidence is at present insufficient to dlshngu1<h hetween the two pictures.

Relaxing some of the assumptions ahout short-range order in our treatment (e.g. the requirement that B ami N
always occur as nearest neighbors) would introduce configurations of higher energy and thus presumably mervase
Tape:. Only the existence of special Jong-range order would seem to allow for an appeeciable lowering of Tyy;. Even
with a lowering of Tare by 60 %. it does not lie much lower than the liquidus. The conclusion of limited miscibifity
at reasonably low temperatures would thus remain valid even in this cass.

Although the C-BN alloys ar= thus “in principle” unstable towards phase separation at room temperature, it can
easily be secn that allovs are hindered from phase separating by large kinetic barriees. Indeed, we note that phas:
separation would require hond hreaking and substantial diffusion. Since the bond-strengths are of the order of 4 ¢\
kinetie barriers will be hiuge compared to the “driving force™ towards phase separation. The latter can be identified
with the energy of forination which is an order of magnitude smaller as mentioned ahove.

For all practical purposes. thess mixed crystals thus appear like true solid solutions even though they are in principle
metastable. As is well known, this system is in addition metastable towards the hexagonal layered phases al ambient

pressure,

C. Properties of disordered alloys

The properties of the disordered alloys such as the energy of formation and the bandgap can be sxpandel in a
cluster expansion. We note that within the CVM one might caleulate the probability distribution of the tetrahelral
clustere from the snergy minimization of the free energy. These may deviate from the random (hinomial) distribution.

However, since the miscibility gap critical tsmperature is rather uncertain, as was discussed above, and the mixed
cotnponiils are, in fact. likely 10 have been formed in the liyuid state. the use of a random distribution for statistical

9.}




averaging sesnis appropriate here.
For tne energy of formation. this averaging leads to

4

4 n - n N
AHqr)= "Z=o (">: (1-n)? .)H.(I). {6)
=3AHar(l - 2). )]

where the energy of formation of the ordermi compounds AH.(5) was substituted from Eqg. (2). This statistical
averaging is sesn to lead simply to a renormalization hy a factor of 3/4.
For the bandgaps of the disordered alloys. we obtain in a similar fashion.

4
Eulr) =) (:):"(1 —r)ymED, (8)

where E:" 'is the bandgap of the n-th C\W-structure associated with the corespouding tetrahedral cluster. As sxpected,
the resulting band-gap bowing. shown in Fig. 1 by the full coutinuous line. while still being vey strong. is somewhat
less pronounced than that of the ordered compounds. \We note that the tetrahedron approximation ussl for our
cluster sxpansion is probably less couverged for the bandgaps than for the total energies.

V. CONCLUSION

The main finding of this work is that c-BN-diamond mixed crystals and alloys exhibit an anomalously large hand-gap
howing. which we propose to be related to the staggered band-offsets at the corresponding heterojunctiou.

We also discussed the phase stability within the tetrahedron approximation of a cluster expaunsion. Our model
of the alloys is based on the absence of B-B and N-N bonds (because of their expected high energy) and nearest
neighhor clusteripg of B-C and C-N bonds to ensure local charge neutrality. Within this restrictive model for
the short-range order. the problem can be treated as a pseudobinary alloy problem. The energies of formation
within this model were found to map onto the ferromagnetic Ising model. Their values lead to the prediction that
the miscibility gap temperature would he well above the liquidus line. Although this conclusion is in agreement
with more complete treatments of other heterovalent ternary semiconductor alloy systems. sonie uncertainty remains
with regards to this conclusion. Indeed. long-range correlations have not been taken into account in any of thess
treatments. These correlations have heen found to lower the miscibility gap temperaturs by as much a< 60 % in some
connmon-anion semiconductor alloy systems. An alteenative tentative phase diagram was constructed including such
a renormalization. The experimental conditions in which the mixed crystals were synthesized could be consistent with
either of the tentative phase diagrams of Fig. 4 although our analysis seems to favor Fig. 4(a). Further work will be
required to sort out which of these two alternatives applies.

The <in principle™ metastability of the system should. however. not he a practical impediment to their us» and
further study since Kinetic barriers towards phase ssparation are expected to be huge. sven at fairly elsvated temper-
atures. We fiope this study will lead to further experimental work on this system which could verify our prmdictions
ahout the hand gaps.
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FIG. 1. Band gap as a function of composition for
zinc-blemle derived (BN);Cyy-,, ordered crystals: LDA
{squares). self-energy corrected [33] (diamonds) and random
alloys {smooth full line).

Flti. 2. Band-offset at diamond-C'/c-BN heterojunction.

Flt:. 3. Free energy of (BN);Cy -,y alloys within the reg-
ular solution model.

Fl1ti. 4. Tentative phase diagrams of ¢-BN-diamond. (a}
“Ferromagnetic Ising™ model treated within regular solwtion




approximation renormalized by 82 7% (b) same as (a) but in-
cluding an ad-hoe 60 7 lowering of the miscibility gap due
to long-range correlations. A hypothetitical diamond (D) to
zinc-blende (ZB) order-disorder transition is tentatively indi-
cated with ? and dotted line. The liquidus line separating
the liquid (L) from the solid portion of the phase diagram is
indicated in hoth.
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