
UCRL-10702 Rev. 

University of California 

Ernest 0. 
Radiation 

Lawrence 
laboratory 

THE ACTIVATION ENERGY FOR THE SUBLIMATION OF 
GALLIUM NITRIDE 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two wee~s. 
For a personal retention copy. call 

Tech. Info. Diuision, Ext. 5545 

Berkeley, California 
.. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.... 
,·· ~ ... · 

.. , 

.. -""'l. ·.·· . 
·,· 

. I> ..... 

.... 

1 •.•• , .,,, 

Submitted to J. Chern. Phys. r 
--------------------~ 

UNIVERSITY OF CALIFORNIA · 

Lawrence Radiation Laboratory 
Berkeley~ California 

AEC Contract No. W-7405-eng-48 

. ' ' . 

UCRL-10702 Rev. 

THE ACTIVATION ENERGY FOR THE. SUBLITv'IA TION 
OF GALLIUM NITRIDE 

·· · Zuhair A. Munir and Alan W. Searcy 

December 31~ 1964 



•· 

. ,. .. ,. ... 

I ..l..l..u ';. 1\. ~ 1. •• • • ~ ••• ·• . .,. : 

- iii - UCRL-10702 Rev. 
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and Department of Mineral Technology, College of Engineering 
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ABSTRACT 

Gallium nitride was found to sublime congruently from a torsion

effusion cell when the ratio of orifice area to sample a:rea was about 1/30 

and incongruently to yield nitrogen gas and liquid gallium when this ratio-. 

·.was about i/100 or less~ A mass spectrometer investigation revealed 

• · · no measurable concentrations of gallium nitride vapor molecules. The 

heat of activation for the reaction 2GaN(s) = 2GaV) + N 2(g) was cal

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

effusion data. 
! 

The rate·of the reaction 2GaN(s) = 2Ga(g) + N 2(g) was measured 

by a torsion-Langmuir method. From the temperature dependence of 

sublimation the heat of activation for this reaction was calculated to be 

6Hi300 = 218. 6 kcal compared to 173 kcal for the equilibrium reaction, 

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

+ From the thesis submitted by Z ... A. Munir .in partial fulfillment of 

the requirements for the Ph. D. degree in Engineering Science, 

University of California, Berkeley, June 1963. 

* Department of Materials Science, San Jose State College, San Jose, 

California. 
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I. INTRODUCTION 

First mention of the thermal stability of gallium nitride was made 
. . 1 

by Johnson et al. who reported that gallium nitride sublimes without 

decomposition at temperatures in excess of 800°C. More recently~ Sime 
. . . 

. and Margrave2 measured the vapor pressure of gallium nitride by a trans

piration method and reported the rate to be too high~ when compared, 

with values calculated from estimated free-energy func~ions and an 

estimated heat of formation for GaN(g) to be explained by GaN monomer 

vaporization. They postulated the existence of a polymer (GaN)x(g). 

No gaseous nitrides of elements as metallic as gallium have ever 

been unambiguously identified~ so the existence of a gaseous gallium 

nitride would be of considerable chemical interest. The present study 

was undert~ken to obtain more information about gallium nitride 

vaporization.: 

No gaseous nitride' has been found, but an important result of this 

study has been the demonstration that gallium nitride has a high enthalpy 

of activation for sublimation. Several previous investigations have 

. demonstrated free energy barriers to sublimation reactions~ but for all 

of those investigations of which we are· cognizant. either no enthalpy or 

entropy of activation could be obtained from the data ;r enthalpies of 

activation no larger than the enthalpies 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 introduce~ into a mullite 

· tube at a flow rate of 10 to 15 cc/min. Gallium nitrid·e was produced by 
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· the reaction of the ammonia with gallium metal which was held in a 

porcelain boat: 

2Ga_(f) + 2NH3(g)- 2GaN(s) + 3H2(g). 

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

within several hours. Considerable quantities of gallium distilled into 

· 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 in x-ray diffraction pattern line spacings. The x-ray pattern 

was compared with patterns for,Ga 20
3

(a., [3 .. ~;: 5., and CJ modifications). 
6 

.. 
7

. 

There was no evidence of any lines· other than those of gallium nitride. 

The gallium nitride was found by Mr. K. C. Conway of the Berkeley 

Thermodynamics Laboratory 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 probable source of the small discrepancy in analysis was 

· oxygen presen~ either in soh~.tion in the Ga:frfattice or in a separate 

. · Ga2o3 phase. Mass-spectrometer studies of the gallium nitride revealed 

Ga20 in· the vapor. The concentration was only 1 to 2%, however. too low 

. to affect the torsion-effusion studies significantly. 

B. Torsion-Effusion Studies 

The apparatus and techniques used in the torsion-effusion measure

·ments were identical with th~se described in a recent paper. 8 . Samples 

were heated ingraphite cells that were suspended inside a tantalum tube· 

·resistance heating element. Temperatures were measured with Pt-Pt 
'- . . . ·. . 

· 10% ·Rhthermocouples which were inserted in a dummy cell that was 
. . 

. placed just below the sample-containing cell in a region that had been 

.. 
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demonstrated to be uniform in temperature. The thermocouple was 

calibrated by measurement of the apparent melting temperatures of 

aluminum~ copper~ silver~ and gold in the dummy cell. Experimentai 

techniques were demonstrated to be reliable by determination of the vapor 

pressure of 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 

· 1/30) 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 while.our studies were in progress. 10 

Obviously, the pressures measured in the cell with 2. 5-·mm-diam holes 

must be nonequilibrium values. 

A puzzling observation~ to be analyzed in the discussl.on section, 

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

pressure we have found for elemental galli.um, no gallium was f.ound 
'I 

in the ·cells after the experiments.· X-ray diffraction patterns of the samples 

·.were obtained before and after several runs in a cell with 2. s:.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 gallium present by the h~at generated by the x-rays~ 

yet only the pattern of gallium nitride was obtained .. This meant that 

ut:lder .the conditions of these experiments, gallium nitride vaporiz~d to 

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

nitride sublimed congruently. 
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··.Cells fitted with sma:ller orifices shouldyield higher press1lres 

inside the cell. ·If .th.e partial pressure of gallium should become :as high 

as the vapor pressure of. gallium1 the sublimation process should become 

in~:ongruent and elemental gallium should remain in the effusion cell 

after heating • 
• • • ,. •• '" < • .• .. : • • • .'J'• 

To test this hypothesis,~ a· sample was heated in a cell fitted with 

1. 4-mm-diam orifices,~ which made the ratio of orifice area to upper. . . 

surface area _of sample about 1/100. · The pressures indicated by triangles· 
i 

on Fig~ 1. were then obtained and drops of elemental gallium wer~ found 
•; .. ,. . f. 

-I .. ~ in the cell after heating. _ · . j 
:( . 

·...: 

·I 

C. Mass Spectrometric Studies l·· 
. . . . . ., . 

.· ... The vapor species ~bove gallium nitride we~e identified by means-

_ofan Inghram-type'mass spectrometer. Samples were heated.in the 

spectrometer in a graphite 'Knudsen effusion celL The graph:lte cell was. 

fitted inside a larger tantalum cell with a lid that had an orifice 3 mm in 

diameter. · .f ' . 

Three run_s were mad~ with ~ graphite lid that had an orific~ dia

meter o.f 1 mm,~ and three runs w~re made with a lid that had an orifice . 
. :···,·. t. 

diameter of. 3 mm. The choice of ·orifice diameters was made from the 

knowledge that-gallium nitride. ~ouid be expected to subli:me congruently 

··. in the cell with a 3-mm orifice,~ and incongruently in the cell with a 1-:ri:lm 
. . ' . 

-·. orifice. · 
... ' . ' I 

· Gallium nitride samples were investigated at 850,~ . 9501 and _1050° C 

•• 

. ~i-

· . · with each celL . The lowest temperature was achieved by radiation from 
' .. 

.. ·_two Q.l6 em tungsten strips surrounding the cell assembly. Higher 

. temperatures were obtained by electron bombardment. It was not v 
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possible to investigate gallium'nitride at temperatures above about 

1100° C because of the high residual nitrogen ·pressure produced by rapid 

decomposition of the nitride. 

Temperatures were measured with the aid of a Pt-Pt lOo/o Rh 

thermocouple embedded in the bottom of the tantalu~ cell. Observed· 

variations in temperature for any given power setting were less than 

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

•14 to mass 300 at 70V accelerating electron voltage. 

. The principal i.ons. detected were N 2 + and Ga +. Minor amounts of 
... ·. +" . "+ . . . ' 
Ga 2 and Ga20 were detected but usually constituted less than 2o/o o~. 

·the total Ga +intensity~ with a maximum value of 2 .. 5o/o an~ a typical 
. : 

value of 1. 7o/o. No peaks that could be attributed to gallium nitride 

molecules were observed. Intensity measurements for the nitrogen peak 
. . . . 

(mass 28) could not be reproduced and, because of the high background of. 

·residual nitrogen gas~ the relative amounts of Ga(g) andN 2 (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 gallium nitride 

remained in the cell with the 3 -mm orifice. 

D. Torsion-Langmuir Studies 

In order to study free-surface sublimation, wafers of solid gallium 

nitride were substituted for orifices in the side walls of the torsion-

effusion cells. This method for pressure determination may appropriately 

be. called the torsion-Langmuir method. 

Ordinary cold pressing failed to produce high-density gallium . 

nitride wafers~ and hot pressing at 1000 to 1100° C and 2000 psi resulted 
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i .;.· 

iri dispropo~tionatfo~ 'of :rriuch 6r the. ~ample ·with free gallium metal as . '· .. -· .. . 

a product. Fortunat~ly,~ satisfactory wafers could be prepared at room 
·- :· ~ ~-. . .. · . . . 6 . . . ' ·. .. 

temperature under loads of 1..5 x 10 psi in the ultra-high pressure 

apparatus· of Pro~essor George Jura. 
·; 

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

separated by an Q-ring washer made from an oxide of iron~ and the 

sample was compacted with a hand-operated hydraulic press.· After 
. - . .· - - . . . . 

.this pressing., each wafer was examined under a microscope to ascertain 

whether or not a uniform distribution of the sample had been established 

inside the 0-ring •. Uniform samples were then placed in the high-pressure 

. 'press and were held at 1. 5·x 106 psi for 10 to 15 min. 
. . . 

It was impossible to remove the 0-ring without breaking off some 
' . . . . 

of the sample, and so the separated wafers had irregular peripheries, 

a circumstance that wa1:3 not detrimental to .the experiments. Wafers 

. of 0. 3 tol. 3 em diam and. 012 to. 025 em thickness were obtained .. Any 

wafers which examination at 200 magnifications revealed to have cracks 

or obvious defects were rejected. x~ray examination of powdered wafers 

showed only the gallium nitride pattern~ and.no change was. found in 

diffraction patterns or appearance of samples that had been exposed to. 

the atmosp.here for ·several weeks. _. 

Microscopic examination a't. 200 magnifications showed no pores 

·_ ;<' ' .. 

(Fig. 2a. ) ••. A rhicrogr~ph of a sample .heated at 1200° for one hour (Fig.2b.). t{ 

showed nodiscernibl'e change in the contour of the surface. The only 

·. ' .. ··.· . . .:noticeablechange was.that 'the color of the sample was altered from dark 

. . ~' ; . , . gray to light gray or white. This c·hange was probably due to small varia- ·. 

tions in the stoichiometry of the ga~lium nitride phase. It is interesting 

.: .·-
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to note that areas surrounding cracks in a sample remained dark in 

color after heating.· The explanation for this ·observation was that a 

crack acted somewhat like aKnudsen 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 conditions, as demonstrated 

in the torsion-effusion studies, tend to leave gallium metal behind 2.nd 

hence produce the dark color (Fig. 2c). Only 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 

orthorhomboid with the dimensions 3. 7 em long x 19 em wide x 2. 5 em 

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

at positions offset about 1 em 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 em diam drilled near the surface of the cell. Gallium 

nitride wafers were placed inside these shoulders and were secured 

there by graphite washers. Each 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 inplace, · the effective sublimation area of the 

sample was defined by 0. 8 to 1. 3 em diam openings through each washer. 

The thickness of the graphite at the inside periphery of these washers 

' 
was negligible, so no correction was necessary for reflection of vaporizing 

molecules at the walls of the washers .. A pair of 3-mm holes which were 

. drilled from the top ofthe cell into cavities behind the two samples per~ 

·.· mitted vapor that sublimed from the rear faces of the wafers to escape 
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:upward in a manner that would not contribute to the ·torque ... 
. . 

De_flection measurements~were made at progressively h:lgher 

t"emperatures.. At each new temperature. a waiting periQd was ·necessary ·r-_~ 
. . . . . . . 

to establish uniform temperature distribution~ and hence steady-state 

. pressures. Deflections were recorded after each temperature had re

mained constant for at least 5 min. 

Eventually. for .any given run, the deflections began to decrease with 

further increase 'in temperature or with increased time at constant tern-

perature. Examination of the wafers after apparent pressures departed 
. . 

from the straight-line port.ion ~fa plot of log P vs 1/T always revealed 

that holes ·had developed completely through one or both wafers in at 

least one re.gion. Only those points obtained before the deflections began 

. to decrease systematically with time were ~sed in calculations of apparent 
. . 

pressur~s; since th.e other deflections resulted frorri sublimation from 

surfaces with decreasing and unknown areas .. 
. . . ' . 

Figure 3 shows the free-:surface vapor pressure as a function of 

1/T. Total pressures were calculated in the same manner used for 

. equilibrium torsion effusion studies. 8• 
11 Least-square solutions gav.:e 

. . . . ~ 

the following expression: · 

log P atm = 5, 699 :> 15, 923/T. 

for solid gallium nitride in the temperature range 1166 to "1428°K. l 
' . . . . ; t .· . ·. . . . . 1 .. ,• 
Since PGa = 2PN (_MGa/MN) .•. where theM's are molecular. weights •. 

. ·, 

. '2' ' 2 ., ' . . . . ·. . t 
~·~ . . :::' ·: ·-

the apparent equilibrium constant K for the reaction: · ·· l 

2Ga.N(s) = 

. ;· 

. ~ ·. 

·, ~ 

2Ga(g) 

., 

l 
.. I 

.l 

(1) ·. 

v 
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is given by: 

* I logK = 16. 2 3 9 - 4 7: 7.6 9 T. 

The activation energy for the sublimation of gallium nitride was 

calculated exactly as is done for equilibrium vaporization processes by 
12 . . ~ 

the second~law method. From the above expression for K-.-~ the 

enthalpy of activation for (1) was calculated to be b. Hi 300 = 218; 6 kcal 

-1 
and the entropy was calculated to be 7 4. 3 cal deg It should be noted 

that if the data were interpreted as normally done in kinetic studies. the 

enthalpy of activation would be taken .as the value of -R d ln23GaNj d ~. 

where z5GaN is the number of moles of GaN lost ~er unit time per unit 

. . t2 i 1 . 3 /1 
area, while we report R d ln\P Get PN~ I d T = -3 x R d(ln3GaN - '2 lnT) d T. 

We choose this approach because it facilitates comparison with the enthalpy 

of reaction (1). which is equal toR d(ln: P~a' PN} I d ~ where equilibrium 

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 uncerta~nty about the surface 
. - 5 13 
temperatures. • 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 

studies were directly heated by radiation from the furnace walls; there 

appears to be no reason to expect the temperature measurements in a 

· torsion-Langmuir study to be less reliable than those for a torsion-effusion 
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vapor pressure s~udy. The apparatus was calibrated by measurement 

of melting points of four metals 'in place and has been shown to give· .. 

·.· .. pres~ures fortin that are· in closeagreement·with accepted measurements. 
' ' . 

A possible source of' error might b.e evaporation of a significant 

· fraction .of the escaping vapor from pores or cracks in the sample. 
- ' . 

Experience with sublimation of stannic oxide, .zinc oxide,. and beryllium 

.nitri.de indicates that if cracks cr pores develop in a material of low 

evapo.rationcoefficient, these.cracks and pores enlarge and are readily 
' . ' -

.·seen under 100 magnifications or less. 14 Examination of our sampies 

at 200 magnifications after vaporization runs showed no evidence of 

crack or pore development. We believe, therefore, that our results 
' .' ' . : - '· 
were not much influenced by sublimation from pores or cracks .. 

' ' 

The po.ssibility that the sublim~tion kin~tics for gallium ~itride · · 
. .. ·. ·. . . . . . . .· . .... . . . . .. . . I . .· 
. . . . . . . . r 
were influenced by ,surfa:c? imp:urities cannot be excluded because; 

' . ' ' ' . ' ! . 
neither the original sampie purity nor .the vacuum provided \vere good ' 

·enough to prevent accumulation of impurities at the sample surfac!e if 
• • .• .. • r 

·. . . ' -

Such segregation were chemically favorable. The mass spectrometer .. 
' . 

·experiments indicates, however~ that the most obvious impurity, oxygen, 

was continuously evap9rat~d as Ga 2o. Furthermore. from the .measured 

pressure of gallium vapor during congruent sublimation of the' ~itride 

~ndthe known stabilities of s~~l.d Ga.
2
o

3 
and.gaseou~ Ga

2
o. 15• 16 the.· 

. yartial pressure of Ga2o at equilibrium _is calculated to be abouttwo 
' . . . 

ordei'.S of magni~cie higher .than the pressure~ of gallium andnitrogen, 
' ·' 

which 'meanstha( unless gallium oxide.is characterized by a high fr.ee 
·-'·'· ., 

:energy barrier to 'sublimation,. any oxygeripresent either as Ga2o 3 
, . . . . .· ' . . I . . .· . 

or as a solute. in the nitride phase should be vaporized as rapidly as 

(\ 
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the oxygen reaches the surface and no separate surface layer of gallium 

oxide should form. 

The enthalpy of reaction (1) can be calculated from the enthalpy of . 
formation of galliu~ nitride measured by Hahn and Juza

17 
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
18 

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

is estimated to have the same entropy as ZnO, 19 an isoelectronic solid~ 

The equilibrium constant for reaction (1) is calculated to be aboutl0-
6 

at 1400°K. The apparent equilibriUJ;n· constant calculated from ou::c 

-18 
Langmuir data is only 6 x 10 

. ! 
Of more theoretical :interest than the low sublimation rate is the 

i 

fact. that the experimental enthalpy of activation exceeds the enthalpy of 

reaction (1) by about 46 kcal. In the recent comprehensive review of 

evaporation and condensation re;ctions by Hirth and Pound, 5 of the sub-

stances discussed which evaporate 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 

equilibrium energy of evaporation, and the chief theories of evaporation 
. . 

.· . .· . * 
attribute low evaporation coefficients to factors that adversily influence 

):c . The evaporation coefficient for any. vapor species is the ratio of 

the actual rate of evaporation of that species to the rate of evaporation 

predicted from substitution of the equilibr~um pressure into the Hertz

Langmuir equation: Z ~ Peg I (2 1r MR T) 2 , where Z is the rate in moles 

per second per unit area, Peg is the equilibrium pressure, M is the 

·.molecular weight, R the gas constant, and T the absolute temperature. 

It should be noted that if the heat of activation for eV'aporation differs from 

the heat of the sublimation reaction, the evaporation coefficient will Vary 

with .temperature.·· 
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..•. ·, r 

• • !· 

the number of·molecules that.are onsites suitable'for evapora.tiori 5• 20 

' . ·• . . . . . . . .· . .. . 2. 
or the nu~_ber that .have proper orientation for evaporation. 1 Such·· 

.•·· . . 

·.factors are in effect entropy barriers rather than energy barriers to 

·evaporation .. 

·.Because of pores and fissures in the Langmuir sample, the true sur

face ~reafor.sublimation exceeds the apparent area used. in the Langmuir 

calculations by some unknown amount. The effect of neglect of this 
I 

. · additional area is to make the apparent pressures high by an amount that 
. . 

is essentially ternperature independent as long as the evaporation coefficient 

.':··remains so low that condensation of vapor molecules which havevaporated · 
~ .. . . . . . . 

. in sample pores. remains negligible~ The enthalpy of activation measured 

... ··in the Langmuirexperiments for this highly -irreversible reaction sho~ld, 

therefore, be reliable even if the sample is porous .. The apparent entropies 

·:on the other hand,must be recognized as upper.limits to the true entropy 

of activation. 
.. .·· . . . ·. . . ·. . . . . . -1 

The low apparent entropy of activation, 74. 3 cal deg ·at 1300°K 
.· . . . . . . ·.. . . -1 .. ··. . . . . 
found .for reaction (1). compared to 101 cal deg calculated for the 

equilibrium sublimation to the gaseous products at the observed pressures, 

indicates that the activated complex probably is notmade up of the gaseous 
. . . -~-~ . . 

products ;of reaction (1) or of these species physically adsorbed. ~n the 

gallium nitride surface .. An intriguing possibility is that a significant 

· fraction bf evaporation from .a Langmuir surface may b~ by a reaction 

(GaN) /n(g)~ · Our mass spectrometer experiments 

... 

'. 

. i 

' , 
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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 Knudsen experiments with the larger diameter orific~ 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 either study high enough to account for the discrepancy 

seems very unlikely. · We consider the most probably explanation to be 

thatliquid gallium effused or defused through the graphite cell wal,ls in 
' ' 

quantities approaching the quantity that escaped through the orifices. . . 

Weight loss experiments with cells that have no orifice would. verify or 

disprove this hypothesis, but such experiments have not been made. 

Experiments were made, however, with elemental·gallium which demon

strated that no significant torque is imparted to cells of the design used 
. 8 

in this study by anyleakage that may occur. 

The rate determining step must be very different for sublimation 

in the experiments in which liquid gallium 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 
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used to calculate the heat of 'activation;· 39 kcal, for the reaction . 

. · _2GaN(s) ~ 2Ga~ )' .. +~·N 
2

(g) ~~ 1400°K; which is smal~er thaD; the .equili-

~ ·.. . 

.. , ·.·i: ··· .• ·_ 

brium_ heat of reaction;''·about :47 kcal at this temperatu,re. · Despite the 

low heatof activation, the N 2 press-ures found in the Knudsen study are_ · 

less than· 1/10 the pressure c~lculated from the heat offormation. . _ 
' i 

.... • . 
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FIGURE CAPTIONS 

Fig. 1. Apparent vapor pressures of solid gallium nitride: torsion-

,( effusion method. 

Fig. 2. Microphotographs of gallium nitride solid bodies: 

(a) before h.eating, (b) after heating, and (c) a crack 

after heating. 

Fig. 3. Vapor pressure of gallium nitride: torsion-Langmuir 

method. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. 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 

B. 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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