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' Zuhair A. Munir' and Alan W. Searcy

Inorganlc Materlals Research DlVlSlon, Lawrence Radiation Laborat tory

~and Department of Mineral Technology, College of Engineering
University of California, Berkeley, California -

December 31, 1964

‘ ABSTRACT
Galhum n1tr1de was found to sublime congruently from a torsion- .

effus1on cell When the ratlo of orifice area to sample area was.about 1/30

and’ 1ncongruently to yield nitrogen gas and liquid gallium when this ratio-.
- was about 1/100 or le.ss; A mass spectrometer investigation revealed

" no measurable concentrations of gallium nitride vapor molecul’es. The

heat of activation for the reaction 2GaN(s) = 2Ga(y) + Nz(g) was cal-

—".‘culated to be 39 kcal at 1300°K from the temperature dependence of the

effu51on data. .
' ’I‘he rate of the reaction 2GaN(s) = 2Gaf(g) + Nz(g) was measured

s .by a torSion-Langmuir'method. From the temperature dependence of

subhmatlon the heat of actlvatlon for this reaction was. calculated to be

: AH# = 218 6 kcal compared to 173 keal for the equlhbrmm reactlon

1300

' and the entropy of activation was calculated to be 74.3 cal/deg.'

+ From the thes1s ‘submitted by Z A Mumr in part1a1 fulflllment of
the requlrements for the Ph.D. degree in Engmeermd Sc1ence, -

Un1vers1ty of- Callfornla Berkeley, June 1963

- * Department of Materlals 801ence San Jose State College San Jose, o |

Caltf ornia.
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I INTRODUCTION |
Fifst mention of the thermal stability of gallium nitridé ‘was made
by Johnson et al. 1ivwho reported that gallium ﬁitri&e sublimes without.
decomposit'ion at tlemper;':xture_s' in excess of'800°C. _Mor‘e. recéntly\, Sime
. and'Ma\rg_r‘a.ve»2 measured the vapor pressuré of gallium nitride by a trans-
piration methéd and reported the rate to be too high, when compared
‘with values calculated ffom estimated free-energy functions and an
estimated heat of formation for GaN(g) to be explained by GaN monomer
: vaporization; Théy postulated the existence of a poly.rn.er (GaN)X(_g).
| No gaseous nitrides of elements as metallic as gallium have ever
-been unambiguously identifi_ea, so the existence of a gaseous galligm
nitride would be of considerable chemical int'erest.' The present study
Was undertaken to <.)btain.more.information about gallium nitride. .b
vapdrization. 3. | |
No gaseous nitride has been found, but an important result of this
‘study has been the demonstration that géllium nitride has a high enthalpy
of acfivation for sublimation. Several previous investiga;cions have'
: demonstrated free energy barriers to sublimation reactions, but for all - '
of those investigations of which Wé are‘cogni'zant, either no enthalpy or |
entropy of activ_gtion could be obt—ained from the data or enthalpies of |

activation no 1arger than the enthalpi_es -of sublimation were found. 5

II. EXPERIMENTAL

~A. Preparation of Gallium Nitride

An ammonia stream was dried over magnesium perchlorate and
~ phosphorus pentOxide before the stream was introduced into a mullite

o tube at a'fl_o'w. rate of 10 to 15 cc/min. Gallium nitride was produced by
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E __;"th_e reaction of the ammonia with gallium metal which was held in a
porcelain boat: _ . | .

2Gaf) + 2NHg(g) ~ 2GaN(s) + SHylg). e

At temperatures between'900 and 1000°C the reaction was completed

within several hours. Considerable quantities of ‘gallium distilled into

L the cooler portions of the furnace during the preparative period.

' ._The gallium nitride prepared by this method varied in color from
-light brown to dark gray;, but. samples of different colors did not differ
‘detectably n x- ray dlffractlon pattern llne spacmgs. The x-ray pattern |
-‘was compared with patterns for\Ga (a, B, % &, and o modlllcatlons) 6,7 -_
| :There was no evidence of any lines other than those of gallium n_1tr1de. _
| - ’l"he’gallium‘ nitride was found by Mr. K. C. Conway of the Berkeley -
; Thermodvynamics'Lab‘oratory of the U. S. Bureau of Mines to be Ga 82. 98%,
'.N 16. 14%, :compared to the theoretical values Ga 83.27%, N 16.73% by .
- weight. The prohable 'source of‘t'h.e small discrepancy in analysis was
--oxygen present either in solutlon in the GaN lattice or in a separate

'-Ga O3 phase Mass spectrometer studies of the dalllum nitride revealed

Ga O 1n the vapor. The concentration was only 1 to 2%, however too low

o ‘to affect the torsmn effus1on studles s1gn1f1cantly

B. Torsion-Effusion Studies
| The‘.apparatus and techniques used in the torsion-effusion measure;
- ments were 1dentlcal w1th those descrlbed in a recent paper 8 Samples -
L were heated in graphlte cells that were suspended 1ns1de a tantalum tube v | ;\/ '
res1stance heatmg element.’ Temperatures were measured w1th Pt—”t : " O
©10% Rh thermocouples which were 1nserted ina dummy cell that was -’

*'f".'placed Just below the sample contalnlnd cell m a reglon that had been
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demonstrated t}o..beuniform in temperature. The thermocouple was
calibrated b};m“easurement of _the apparent melting temperatures of
aluminum, copper, silver, and goid in the dummy cell. Experimental
t,echniques were demonstrated to be r‘eliabie by determination of the vapor
pressure Aof tin with the apparatus. From 19 measurements with two

different torsion wires, the heat of sublimation of tin at 298°K was cal-

culated to be 72.4 = 0.5 Kcal, in good agreement with the value 72. 2

reported by Hultgren et al. 9 from evaluation of previous studies.
The total pressures obtained in runs with 2. 5-mm-diam effusion

holes (ratio of orifice area to upper surface area of sample approximately

- 1/_.3.0) are shown as circles in Fig. 1. These pressures lay several orders
" of magnitude below the nitrogen pressures observed in gallium nitride
-, decomposition studies Which appeared wvhile‘our studies were in progress.
'. Ovbviously, the pressures measured in the cell with 2. 5—'mm-diam holes

must be nonequiiibrium values.’

A puzzling observation, to be analyzed in the d1scuss1on sectlon

 was that although the measured pressures were 1. 5 to 2 times the vapor

pressure we have found for elemental galhum, ‘no gallium was found
_ D

in'_the ‘cells after the experiments. X-ray diffraction patternsv of the samples

-.were obtained before and after 'several runs in a cell with 2. 5'-mm-diam

orifices The diffraction camera was cooled during the passage of the
X-ray beam in a manner that had-been demonstrated to be adequate to

prevent melting of any galllum present by the heat' generated by the x-rays,

.i'; yet only the p’attern‘of 'gailium nitride was obtained This meant that’

’ ~‘under the condltions of these experlments galllum nitrlde vaporlzed to

a gas mixture of the same overall compos1t10n as the solid, i.e., gallium

mtride sublimed congruently
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Cells fltted Wlth smaller orlflces should yleld hlo’her pressures |

. Elns1de the cell If the partlal pressure of cralllum should become as. hlgh

K _-.j_as the vapor pressure of galllum the subllmatlon process should become

1

mconcruent and elemental calllum should remain in the eflusmn cell

| 'after heatmg

To test thls hypothe81s,a sample was heated ina cell flttcd W1th

L 1. 4 -mm- dlam orlflces Whlch made the ratlo of or1f1ce area to. upper

' surface area of sample about 1/100 The pressures 1ndlcated by trlancrles

i

ce o “'-fon Flg 1 Were then obtalned and drops of elemental galllum were found

C 1n the cell after heatmg

: d1ameter. R

C Mass Spectrometrlc Studles |

The vapor spe01es above cralllum n1tr1de were 1dent1f1ed by means

" .lof' an Inghram-type‘.mass spectrometer Samples Were heated m the .

N :n-‘-.

T spectrometer in a graphlte Knudsen effus1on cell The draphlte cell was

fltted ms1de a larger tantalum cell W1th a lid that had an or1f1ce 3 mm in -

RO
S

Three runs Were made Wlth a graphlte lld that had an orlflce dla-‘ -

Do ‘meter of l mm and three runs Were made Wlth a lld that had an orlflce

.~2‘

V vdlameter of 3 mm.- The ch01ce of orlflce dlameters was made from the

_knowledge that galllum n1tr1de could be expected to subllme concruently

o “in the cell Wlth a 3-mm orlflce and mcongruently in the cell with 2 1-mm

L or1flce. "

'

Galllum nltrlde samples Were 1nvest1gated at 850 950 and 1050°C o

' w1th each cell The lowest temperature was achleved by radlatlon from . :

.__'_two O 16 cm tundsten strlps surroundlng the cell assembly Hldher

temperature‘s we‘re obta_lned by electron bombardment. It was not ;
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--pos‘sible to vin'ves'.ticrate' gallium’ nitride at temperatures above about
) 1100°C because of the high re51dual nitrogen’ pressure produced by rapld

. decompos1tlon of the nitride.

: Temperatures were measured with the aid of a Pt-Pt 10% Rh

A thermocouple embedded in the'bottom of the tantalum cell. Observed -
variations in temperature for any given pcwer setting were less than -

4° C. At each temperature'the effusing vapor was scanned from mass :

+ ' } o
The prlnc1pal ions detected were N and Ga . Minor amounts of -

9 and Ga O were detect ed but usually constltuted less than 9% of

o :'3 "_’_the total Ga mtens1ty, Wlth a maximum value of 2. 5% and a typlcal .
-value of 1. 7%.' No peaks that could be attrlbuted to dalllum nltrlde
| “molecules were. observed. Inten31ty measurements t‘or the nitrogen peak
'.‘.(rrlass :28:) could 'not be.lreproduced and, because of't_hé bigh ba}ckgrround'of ,'

‘residual nitrogen gas, . the relative amounts of Gal(g) and Né(g) could not

be determined. Elemental gallium as well as gallium nitride remained -

in the"cell after heating with the 1-mm orifice, while only g‘allium‘nitride

rem,ained in the cell with the 3-mm orifice.

D. Tors‘ion-Langmuir Studies

‘In order to study free surface subllmatlon wafers of sohd gallium

mtrlde were substltuted for orlflces in the side walls of the torsion-
. 'effus1on_ cells. Thls method for pressure determination may appropriately -

be. called ."ch'e torsion -Langmuir method.

lOrdinary cold pressing failed to produce highv-'density gallium

‘ nitride wafers, and hot pressing at 1000 to 1100°C and 2000 psi r_esulted




temperature under loads of 1 5 x- 106 ps1 in the ultra ~high pressure o

" showed no. dlscermble chande in. the contour of the surface. The only

g "l:notlceable change was, that the color of the sample was altered from dark
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in dlsproportlonatlon of much of the sample w1th free dalllum metal as

- a product. Fortunately, satlsfactory wafers could be prepared at room

f;é'

| '_'apparatus of Professor George Jura, o ' '_ } oy

About 0. 25 g of the sample powder was placed between two anv1ls

o separated by an O rlng washer made from an’ ox1de of 1ron and the :
'. . 'sample was compacted w1th 2 hand- operated hydraulic Press- After .

; "?;:‘J‘:thls pressmg, each wafer was exammed under a mlcroscope to aSCeI‘fam
.'whether or not a unlform dlstrlbutlon of the sample had been establlshed

'.J.n51de the O-rlng Unlform samples were then placed in the hlgh—pressure 4

4

N press and were held at 1.5x 10 ps1 for 10 to 15 min.

It was 1mposs1ble to remove the O- rmg w1thout breakmd off some

| 'of the sample, and ‘so the separated wafers had irregular perlpnerles
' ,a c1rcumstance that was not ’detrlmental to‘the_experlments Wafers

of 0.3 to 1.3 cm aiam' and . 012 to. 025 cm thickness were obtameo Any

fwafers wh1ch exammatlon at 200 madnlflcatlons revealed to have cracks

| or obvious defects were reJected X ray exammatlon of powdered wafers
: showed only the galllum n1tr1de pattern and no change was found in
-dlffractlon patterns or appearance of samples that had been exposed to

5 ?_the atmosphere for several weeks S

Mlcroscop1c exammatlon at 200 madmflcatlons showed no pores

'(Flg 24, ) A mlcrograph of a sample heated at 1200° for one hour (Flg 2b )‘ &

§

L 'gray,tollght_ gray'or wh__lte. Thls change was probably due to small varia- - -

S ;tions.in the vstolchiometry of the.gallium nitride phase.. _It is interestlng '

4
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‘to note that areas surrounding cracks in a sample remained dark in
* color after heati’ng.' The explanation for this observation was that a

crack acted somewhat like a Knudsen effusion cell in that reflection of

vapor molecules at the walls of a crack raise the pressure-above the

level characteristic of a free surface. Such condit'ions, as demonstrated
in the torsion-effusion stud"iles, tend to leave gallium metal behind and
hence produce the dark color (Fig. 2c). AOn‘ly crack-free wafers were

- used in the torsion-Langmuir studies, and no darkening of color was

observed around the holes whose eventual formation required termination -
of the torsion-Langmuir runs.
The cell for the torsion-Langmuir study was made from a graphite

t

orthorhomboid with the dimensions 3.7 cm long x 19 em wide x 2.5 cm

high. Two wells of 1 cm diam were drilled into opposite sides of the block

at positions offset about 1 cm from the center of support of the side walls
in direction to yield additional torques during vaporization. Each well had

a shoulder of 1.7 ecm diam drilled near the surface of the cell. Gallium'

~ nitride wafers were placed inside these shoulders and were secured
‘there by graphite washers. _Eab'c_h_ washer had a flat surface that fit - |
“snugly against-the wafer, and had a tapered, concave surface on the other |

’ side. When the Washer-_was'in,place',: the effective sublimation area of the

sample was defined by 0.8 to 1.3 cm diam openings through each washer.

The thickness of 'thevg'raphite at the J';nsid_ebper'iphery of these washers

. was negligible, s’ob_no cbrrectioﬁ ‘W‘as necessary for reflection of vaporizing
| '._ﬂ'»mol'éc.:i‘llés at fhe walls of the ﬁ;va‘{shers_.' A pair of 3-mm k'xoleslwhich were

.dr"'illecvl from the top Qf‘the cell into c.avi>t<ies behind the two Samples per;—'__‘ )

" “ mitted vapor that sublimed from the rear facés of the wafers to escapé
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upward m a manner that would not contrlbute to the torque., ‘

Deflectlon measurements were made at provresswely hldher

‘ temperatures. . At each new temperature, a waltmg peI‘lOd was necessary

| ?--___T-.;" .the apparent equlllbrlum constant K for the reactlon }

~to establlsh un1form temperature dlstrlbutlon ‘and hence steady state
-pressures Deflectlons were recorded after each temperature had re--
i mamed constant for at least 5 min.
| Eventually, for any glven run, | ‘the deflectlons bedan to decrease Wlth
: VV_.further 1ncrease 1n temperature or w1th mcreased tlme at constant tem-'.
| ""A_perature. Eaammatlon of the vvafers after apparent pressures departed ‘
| _from the stralght line portlon of a plot of lov P vs l/T always revealed
“ that holes had developed completely through one or both wafers m at
; least one reglon- Only those po:Lnts obtained before the deflectlons began
to decrease systematlcally with time were used in calculatlons of apparent
_ pressures, s1nce the other deflectlons resulted from subl1matlon from
surfaces w1th decreasmg and unknown areas |
Flgure 3 shows the free surface vapor pressure as a functlon of
' l/T Total pressures were calculated in the same manner used for

- equlllbrlum tors1on effusmn studles.-g" 1

.Least-square solut1ons ga\_/;e'
" the followmg expressmn N

logP = 5,699 - 10 993/T

o for SOlld galllum mtrlde m the temperature range 1166 to 1428°l\_ P
: - !

NI

; Sinee PG? - %Py, (MGa Ny

ot

: 2G3N<S>}--. 2Ga<g> * Nfz(g)» o

e e e s p—— e

s

/M ) s Where the M’s are molecular welghts .

ot
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is givén by: _ B
| logK~ = 16.239 - 47, 769/T.

The activétioﬁ energy for the sublimation of géllium nitride was
vcalcﬁl.ated exactly as is done for equilibrium vaporization processes by
12 : ’

" From the above expression for K , the

enthalpy of activation for (1) was calculated to be AHTSOO = 218.:6 kecal

“and the entropy was calculated to be 74. 3 cal deg_l. It should be noted

B ~ that if the data were in'terpret'ed as normally done in kinetic studies, the

enthalpy of activation would be taken as the value of -R d anGaN]d %{‘,

'

where ZGéN is the number of moles of GalN lost per unit time pef unit

_ ‘ . : ' 2 3 r _ ' 3 1
-area, while we.report R d _lna\PGao PN;2/d T = 3 x R d(anGaN = InT)/d T-
- We choose this approach because it facilitates comparison with the enthalpy
of reaction (1), which is equal to R d(lﬂ Péa" PN y/d lT where equiiibrium

2

pressures for reaction (1) are used.

III. DISCUSSION

The validity of almost all determinations of evaporation coefficients

are to some extent in question because of uncertainty about the surface

5,13

tempefatures. But in the present research, the surface.temperature

. can scarcely differ by more than 5° from the measured temperature

because the sample cell and dummy cell with which the temperature

measurements were made are in the uniform temperature zone of a hot

" Walled‘furnace. .The sample surfaces in_ the free surface evaporation .

' ‘studi»es were directly heated by radiation from the furnace walls; there -

appears to_be no reason to ex'pect the temperature measurements in a

‘ to.rsion-Langrhuir study. to be less‘_rel'iable than those for a torsion-effusion



pressures for t1n that are:in close agreement w1th accepted measurements. o

'were 1nfluencec1 by surface 1mpur1t1es cannot be excluded becauseq

".;-‘-"partlal pressure of Ga, O at equlllbrlum is calculated to be about LWO l ' 'C. .

Wthh means that unless galllum ox1de is characterlzed by a hlgh free

S10- o UCRL_-lo?oz Rev.

. vapor pressure study The apparatus was callbrateo by measurement

. ._of meltmd pomts of four metals in place and has been shown to glve .

A pos51ble source of error mlght be evaporatlon of a swnnlcant
Uy

E fract1on of the escapmd vapor from pores or ¢racks in the samole
g Experlence w1th subllmatlon of stannlc ox1de zmc ox1de and berylllum
| .;nltrlde mdlcates that 1f cracks or’ pores develop in a materlal of low
-'evaporatlon coefflclent these cracks and pores enlarcre and are readlly

seen under 100 magnlflcatlons or: less 14 Examlnatlon of our samples

Kl

"',‘at 200 madnlflcatlons after vaporlzatlon runs showed no ev1dence of

B crack or pore development We belleve tnerefore tnat our results

(

- “were not much 1nfluenced by subllmatlon from pores or- cracks

The poss1b111ty that the sublln'vatlon kmetlcs for dalllum ni trtlde o
I o

ne1ther the orlgmal sample purlty nor the vacuum prov1ded Were good
«enough to prevent accumulatlon of 1mpur1t1es at the sample surface 1f

-such segregatlon were cnemlcally lavorable The mass spectrometer

]

";'experlments 1nd1cates however tnat the most oov1ous 1mpur1ty, oxygen .
----‘was contlnuously evaporated as. Ga O Furthermore from the ,measured.

L pressure of galllum vapor durmd congruent sublnnatlon of the nitride . o

15, 16

_ and the known stabllltles of solld Ga, 03 and caseous Ga O the,'
_orders of rnagnltude higher. than the pressures of galhum and ni trocen,

o -f'-venergy barrler to subllmatlon any oxy eri present elther as Ga O

e or as a solute in the nltrlde phase should be vapor1 zed as rapldly as
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.~ the oxygen reaches the surface and no separate surface layer of gallium

ox1de should form.
The enthalpy of reaction (1) can be calculaued from the enthalpy of
7
formation of galllum nitride measured by Hahn and Juza1 and_ from the

known enthalpy of sublimation of gallium. 8- The entropy of reaction can

" be calculated from known entropies of gallium vapor and nitrogen gas

and from an estimated entropy for gallium nitride. Solid gallium nitride

is estimated to have the same entropy as ZnO, 19'ém isoelectronic solid.
. . _6 .

' at 1400°K. The apparent equilibr_iur{n'vconstant calculated from our

-18 : ' §
Of more theoretical interest than the low sublimation rate is the

Langmuir data is only 6 x 10

fa.c’t' ’;hat the experimental enthalpy of activation exceeds t_he-'enthalpy of

" reaction (1) by about 46 kcal. In the recent comprehensi\}e review of

evaperation and condensation reactions by Hirth and Pound, > of the sub-.

stances d'iSCI..lSSed.WhiCh _evapo‘rate' at rates lower than the theoretical

‘maximum rate predictable by use of the Langmuir equation, none is

‘reported to do.so because of an activation energy barrier that exceeds the

eq.uilibriuml energy of evapoi'afion,_ and the chief theories of evaporation

. attribute low elva_ponc'ation,c:oeffic“ien‘csz‘< to factors that adversily influence

o . The evaporatlon coefficient for. any vapor species is the ratio of

. the actual rate of evaporatlon of that species to- the rate of evaporaulon

B predlcted from substltutlon of the. equlllbrlum pressure into the Hertz—
_Langmulr e_quatlon. Z = Peg/ (2.7 MRT) ? , where Z is the rate in moles

per second per unit area, .Peg is the ‘equilibrium pre_ssure, M is the ..

"‘m'olecuylar weight, R the gas constant, and T the absolute temperature.
It should be noted that if the heat of acti{ration for ev‘a’pora’ci'on differs. from '

‘ _the heat of the sublimation reacuon the evapora’clon coeff1c1ent will vary

w1th temperature
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the number of molecules that are on s1tes sultable for cvaporatlonb 20-' :

21
or the number that have proper orlentatlon for evaporatlon. , Such

factors are m effect entropy oarrlers ratner than enerdy barrlers to;

L evaporatlon._ o

o

Because of pores and fwssures in the Langmulr sample the LI‘U.G sux -

face area for subllmatlon exceeds the apparent area used in. the Langmulr

’ calculatlons by some unknown amount The effect of ne01ect of thls |
addltlonal area is to make the apparent pressures hlo'h by an amount that
s essentlally temperature mdependent as long as the evaporatlon coe:cflclent
remalns so low. that condensatlon of vapor molecules th cn have vaporated
1n samnle.pores remams nedllolble. The ent halpy of activation mcasured
Cin the Langmulr experlments for thS hi hly 1rrevers1ble reactlon should

therefore, be rellable even 1f the sample is porous Tne appare’nt entroples.

“on the other hand must be recocrnlzed as upner limits to the true entropy

of actlvatlon._v_vf'. .' Lo B o .'; l |

The low apparent entropy of aCt‘LVE.thl'l. 74 3 cal. ded -1 at 1a00 K

found for reactlon (1) compared to 10l cal deg calculated lor th
equlllbrlum subllmatlon to the gaseous products at the ooserved pressures
-"_ 1ndlcates that the actlvated complex probably is not made up of the Gascous
products of reactlon (1) or of tnese spec:1es phy51cally adsorbed on the f |
galllum mtrlde surface.ﬂ An 1ntr16u1n0* pos51b111ty is that a s1orn1flcant

fractlon of evaporatlon from a Landmulr surface may be by a reactlon :

such as nGaN(s) (GaN)/ (G) Our mass spectrometer e\perwments'-:f.._,

. - I~ .

o>
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demonstrated that gallium nitride vapor species are not important in the

‘Knudsen cell experiments, but the possibility remains that such gaseous

' species may be observable at the lower pressures that characterize the

Langmuir experiments. This possibility is to be investigated for gallium
nitride single crystals.
As remarked in the experimental section, the pressures found in

the Kn'udsen.experiments with the larger diameter orifice were slightly

~_higher then the vapor pressure of gallium so that liquid gallium would

be expected to have condensed in the cell during sublimation, while gallium -

. was actually found in the cell only when the orifice of smaller diameter

-was employed.  Since the vapor pressure of gallium was determined in

the same apparatus as that used in the gallium nitride studies, an experi-

~mental error in elther study high enough to account for the discrepancy

‘seems very unllkely We con51der the most probably expra ation to be

that liquid gallium effused or defused through the graphite cell walls in.
quantities approaching the quantity that escaped through the orifices.
Weight loss experiments Wlth cells that have no orifice would verify or
disprove this hypothes1s bUL such exoerrmems have not been made
Experlments were made,_: however, -Wll.h elemen_taljgalllum Whlch demon-.

strated that no signifieant torque is 'imparted:to cells of the design used

in this study by any’ leakade that may occur.

The rate determlmno‘ step must be very dlfferem for sublimation

in the experlments in which hquld galll_um is present from that in the free

surface Langmuir experiments.

The temperature dependence of the pressures measured in the

Knudsen experiment made with the orifice of smaller diameter can be



S
-

H

IO ) _.VUCRL_ld’zo:z'Rev.

. used to calculate Lhe heal of acllva‘clon 39 kcal for the reactlon

¢

9GaN(s) 2Ga(/g ) +'<'N (g) at 1400° , Whlch is small er ‘ha"l the equl - :

brlum beat of reactlon 'abouu 47 kcal a’c ths temperature.' Desplte the
‘:jlow heat of actlvatlon Lhe N2 press res found in tho lnudsen s+udy are | e
: A_les's than'1/10 vthe'.pressur_ecalculated from the heat of forma‘cion.

T

N
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- FIGURE CAPTIONS

Apparent vapor pressures of solid gallium nitride: torsion-

effusion method.

Microphotographs of gallium nitride solid bodies:

(a) before heating, (b) after heating, and (¢) a crack

after heating.-

Vapor pressure of gallium nitride: torsion-Langmuir

" method.

[ )
| Fig. 1.’
R
Fig. 2.
Fig. 3.
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A.

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
2 mission,

nor any person acting on behalf of the Commission:
4

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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