Rietveld refinement for indium nitride in the 105-295 K range
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Results of Rietveld refinement for indium nitride data collected in the temperature range 105-295
K are presented. Acicular microcrystals of indium nitride prepared by reaction of liquid indium with
nitrogen plasma were studied by X-ray diffraction. The diffraction measurements were carried out
at the Swiss-Norwegian Beamline SNBESRHF using a MAR345 image-plate detector. Excellent
counting statistics allowed for refinement of the lattice parameters of InN as well as those of the
metallic indium secondary phase. In the studied temperature range, the InN lattice parameters show
a smooth increase that can be approximated by a linear function. Lattice-parameter dependencies
confirm the trends indicated earlier by data measured using a conventional equipment. The relative
change of both tha andc lattice parameters with increasing the temperature in the studied range

is about 0.05%. The axial ratio slightly decreases with rising temperature. The experimental value
of the free structural parameters=0.376914), is reported for InN for the first time. Its temperature
variation is found to be considerably smaller than the experimental error. The thermal-expansion
coefficients(TEC9, derived from the linearly approximated lattice-parameter dependencies, are
@,=3.09(14)x10 ¢ K™ and a,=2.79(16)x10 ¢ K. The evaluated TECs are generally
consistent with the earlier data. For the present dataset, the accuracy is apparently higher for both,
the lattice parameters and thermal-expansion coefficients, than for the earlier results. The refined
lattice parametec,, of the indium secondary phase exhibits the known strongly nonlinear behavior;

a shift (AT equal about-50 K) of the maximum inc,,(T) dependence is observed with respect to

the literature data. ©€2003 International Centre for Diffraction Data[DOI: 10.1154/1.1566957
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I. INTRODUCTION devoted to this compound famijynumber of papers involv-
ing these compounds increased by two orders of magnitude
Indium nitride is a semiconductgwith earlier assumed in 26 years, as shown by Monem@999].

direct energy gap of value 1.89 eV, after Tansley and Foley Indium nitride, InN, is a compound difficult to synthe-

(1986; now thought to be about or below 1 eV, see Inushimasize from both the vapor and liquid phase. Vapor based crys-

et al. (2001); Wu et al. (2002; Bechstedt and Fthmuler  tal growth methods are not applicable when the difference in

(2002] that has applications as a component of pseudobin/@POr pressures or in melting points is too great. Growth

ary thin I11-V layers (such as InGaN and InGaAJNn mod- from.solutloE_fa;]lls béacl:_au_se tr?e eqw!lé)lrlum prissure of nitro-
) - : o gen is very high and limits the possible growth temperatures

ern short-wavelength optoelectronic devices. Using mdlun?Grzegoryet al, 1993a, 1993b, 1994Additionally, the Ki-

in solid solutions allows for tuning of th@lirec energy gap

. . netic barriers prevent dissolution of nitrogen in liquid in-
and lattice parameters over a broad range. Also, using InN 3%ium. and thus prevent InN_ synthesirukowski et al

a solution component allows tuning of the thermoelastiolggga; Romanowslét al, 2007. So far, bulk InN has been
properties of the solution. One of the achievements in th%ynthesized effectively either by chemical methods
field of 11I-V based optoelectronics is the continuous-wave(Goryunova, 1965; McChesnegt al, 1970; Podsiadlo,
operation of(In,GaN multi-quantum-well structure laser di- 1995, by reaction of the components or by reaction of mol-
odes with a long lifetime(Nakamura, 19909 Additionally,  ten indium with nitrogen plasm@NP) (Anguset al, 1997;
the presence of indium was recently found to greatly im-Krukowski et al, 1998h. Chemical methods lead to higher
prove the optical efficiency of nitride-based light emitting impurity levels in the crystals, which cause poor crystallo-
diodes(LEDs) and laser diodes; the nature of this effect is9raphic quality. The RNP method is accompanied by diffi-
under study (Nakamura, 2000a, 2000b: Chichibet al, culties in controlllng'the growth conditions; this may Iea_d to
2000; Godlewski and Goldys, 2001A growing interest in tsr?;arlllas‘éz;nd deterioration of the crystallographic quality of
applications resulted in a rapidly growing number of papers The InN crystal structure is of wurtzite typéspace
group P6;mc). Thin layers also can be grown with the
3 Electronic mail: paszk@ifpan.edu.pl zincblende structure type. Reported room-temperature lattice
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TABLE I. For a comment concerning the lattice parameter error see text. Lattice parametensnit cell volume,V, axial ratio,c/a, for the wurtzite-type InN(The

values ofV, c/a, were calculated from cited and c values if not given in the referengdn each of groups, the data are chronologically ordered. “MV”
denotes samples prepared by microwave plasma method. The following abbreviations are used to designate the theoretical models: PP—paithoatential m
LMTO—linear muffin-tin orbital, LDA—Ilocal density approximation, CGA—generalized gradient approximation, HF—Hartree—Fock, PWPP—plane-wave
pseudopotential, SE—semiempirical model, and VCM—various calculation methods. “rt” refers to room temperature.

No. T (K) a(A) c(R) v (A3) cla u Reference Remarks
Experimental datdbulk crystal3—wurtzite structure

1 rt 3.540 5.704 61.90 1.6113 Juza and H&he38

2 rt 3.54 5.71 62.0 1.613 MacChesnetyal. (1970

3 rt 3.544 5.718 62.20 1.613 Osamwtal. (1975

4 rt 3.5295) 5.6945) 61.42) 1.6134) Sheleg and Sevastenkbd976

5 2963) 3.53763) 5.70365) 61.812) 1.61233) Juza and Hahii1938 MV, sample S3

6 rt 3.53665) 5.70095) 61.752) 1.61204) Dyck et al. (1999 MV

7 2951) 3.53774182 5.70374)2 61.82111)? 1.6122420)? 0.376913) This work MV, sample S3

Experimental datélayer9—wurtzite structure

8 rt 3.5446 5.7034 62.058 1.6090 Pichugin and Tlack&®¥8 epitaxial layer

9 rt 3.54805) 5.76005) 62.792) 1.62343) Tansley and Foley1986 thin film

10 rt 3.540 5.705 61.91 1.612 Kubata al. (1989 epitaxial layer

11 rt 3.6 5.74 64.4 1.59 Stritet al. (1993 epitaxial layer

Theoretical data—wurtzite structure

12 rt 3.536 5.709 61.818 1.615 0.380 Yehal. (1992 LDA

13 rt 3.483 5.7039 59.93 1.638 0.3767 Munoz and K893 PP

14 rt 3.501 5.669 60.176 1.619 0.3784 Wright and Nelg®95 PWPP

15 rt 1.644 0.3749 Bessagt al. (1996 LDA

16 rt 3.53 5.54 59.8 1.57 0.388 Kiet al. (1996 LMTO

17 rt 3.5428 5.7287 62.27 1.6170 0.3784 Padusl. (1997 HF

18 rt 3.53 5.69 61.40 1.6119 Chisholeh al. (1999

19 298 3.53743 5.70273 61.800 1.6121 Wang and Re@0ér) semiempirical model

20 rt 3.509 5.657 60.32 1.6121 0.3791 Zorodduet al. (2009 LDA

rt 3.5848 5.8002 64.551 1.6180 0.37929 CGA
21 rt 3.544/3.614 5.762/5.884 62.67/66.55 1.626/1.628 0.377/0.377 Stampfl and LDA/CGA
[3.50-3.61 [5.54-5.88 [58.8-66.4 [1.57-1.63 [0.375-0.383 Van de Walle(1999 [various calculation
[reviewed method$
Experimental datdlayers—ZB structure

22 rt 4.981) 123.57) Strite et al. (1993 epitaxial layer

23 723 5.049) 128(7) Lima et al. (1999 epitaxial layer

24 rt 4.97 122.7 Tabatet al. (1999 epitaxial layer

25 rt 4.981) 123.57) Lima et al. (1999 epitaxial layer

26 rt 5.094) 1323) Bhattacharyaet al. (2002 thin film

Theoretical data—ZB structure

27 rt 4.9870 124.0 Paulwet al. (1997 HF

28 rt 4.92 119.1 Kimet al. (1996 LMTO

29 rt 4.964 /5.109 122.3/133.4 Zorodet al. (2007 LDA /CGA

30 rt 4.92-5.109 119.1-133.4 theoretical values reviewed in  various calculation
Stampfl and Van de Wall€1999 methods

and Tabatat al. (1999

parameters of InN are collected in Table | for both structure

types.
Thermal expansion of each material used for optoelecinformation about InN expansivity can be found in literature.

InN is known to exhibit relatively low thermal expan-

sion, comparable to that of other IlI-V nitrides. Very limited

tronic device construction is a factor influencing the proper-according to the first published experimental dé&heleg
ties of the product through the thermal strain. In particulargng Savastenko, 1976; see also Tansley, 189dilable for

for In,_,GaN and In_, ,GaAl; (N solid solutions, the
knowledge of thermal expansion is helpful in determination
of the layer composition. Therefore, detailed studies of InN
thermal expansion may be useful in designing and improvin
the technologies involving this material as a component.
has been reported that heteroepitaxial growth of wurtzite=

the range 190-560 K, the TECs increase with temperature:
a, from 3.4x10°% K1 to 5.7x10 6 K™%, «a. from 2.7
X108 K71 to 3.7x10 ® K™, Recent studies include an
I%experimental work on lattice parameters and thermal expan-
sion(Paszkowiczt al., 1999, hereafter referred to as Réf. |

type GaN or InGaN starts through growth of zincblende is-2nd calculations based on a semiempirical m¢@éing and

lands; this phenomenon can be observesitu (see, e.g., Wu
etal, 1996; Li etal, 1998; Kim et al, 2002. It clearly

Reeber, 2001l The data of Ref. | concern the expansion in
the 100-673 K range based on diffraction data collected

shows that for any IlI-V nitride, the elastic properties of with a conventional laboratory instrument. Average TECs de-
both, zinchlende and wurtzite, polytypes have to be studiedermined for this range arer,=3.6(2)x10 % K~ ! and
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a.=2.6(3)x10" % K. Due to the scatter of experimental 18000 T

points obtained with the use of conventional equipment,
there is a lack of detectable TEC variation in the investigated 12000
temperature interval for these data, in contrast to the depen_ 10000
dencies reported, in a smaller range, by Sheleg and Savasg g, ]
tenko, (1976. In the most recent workWang and Reeber,
200)) the lattice parameters and TECs have been calculate(s,
in the range 50—800 K based on a semiempirical model. Forg ]
a zincblende-type indium nitride layer, a lattice-parameter g 200
value at 723 K has been reportddma et al,, 1999; due to £ 0- A
a large erron0.09 A), this result cannot be used for reliable ] L1 N N N T I B R R IN
evaluation of the TEC for the zincblende polymorph. The ] : 1
dependence of the lattice-parameters on temperature can b B R R SIS =
concluded to be not known accurately. Therefore, a new ex-
perimental effort was justified.

An intense SynChrOt_ron X-ray bea.m combmed th 2DFigure 1. Result of Rietveld refinement for a powder diffraction pattern of
detectors allows collection of data with counting statisticSinN (data collected af=105 K using wavelength equal 0.698 670. A
suitable for performing highly accurate structural analysis. InCrosses denote experimental points, and the solid line is the calculated pat-
order to demonstrate the improvements of data quality enem- Calculated reflection positions for the main'InN phgse and the In sec-
abled by the inense incident beam, in this work the results off 7 P1ase re mared beow e patern usho werica barer o)
Rietveld refinement of InN powder diffraction patterns in thethe figure. The inset illustrates the refinement quality for the In secondary
temperature range 105—-295 K collected at a third-generatioghase(all untruncated peaks in the inset belong to the In phase
synchrotron radiation source are presented. The obtained re-
sults include the lattice parameter dependence on tempera-
ture and averaged TECs for indium nitride. 0.4 mm inner diameter. The temperati®5-295 K was

controlled by an Oxford Instruments Cryostream apparatus

and kept constant within 1 K. The measurements were per-

II. EXPERIMENTAL formed at increasing temperature using 30 to 40 K tempera-
_ i _ ture steps. Typically, a delay of 5 min was used for the tem-

Fine InN powder was synthesized at the High-Pressurgeratyre stabilization. One powder pattern was collected in
Research Center, Warsaw, by reaction of liquid indium with1g o
hitrogen plasma in a vertical microwave plasma reagftor The images were integrated to one-dimensional powder
preparation details see Krukowski al, 1998b and Ref.]l patterns using the FIT2D progrartHammersley, 1995
The r_nater_ial selected for this study was the sample S3 chafyithin the angular range 10-5%26). The integrating proce-
acterized in Ref. |. _ _ _ _ _dure included a polarization correction. The Rietveld-

For the purpose of crystallite-orientation analysis, addi-efinement program Fullprof.2k v.1Rodriguez-Carvajal,
tional patterns were collecté@€uKa radiation using a labo- 2001 was used for the structural analysis. A pseudo-Voigt
ratory Bragg-Brentano diffractometer. To reveal the CrySta"profile-shape function was assumed. The following param-
lographic orientation o_f the side faces of the acicular _'”Neters(total 26 were refined by the Rietveld procedure: lat-
crystals, a small quantity of the powder was spread using gce parameters of both phases, profile parameters, free posi-
drop of ethyl alcohol on a flat plexiglas holder. The crystal-tional parameter of InN, and six background parameters. The
lographic long axis of the crystallit(_as was determined using,orq-shift parameter was fixed at a value common for all
the same procedure for a holder differing from the standargemperatures, because there is no physical reason to vary it
one by parallel 0.2 mm wide grooves of triangular cross-yyring a single series of measurements. Preferred orientation
section machined on its surface. The grooves were filled byarameters were not refined in the final refinements, as tak-
the powder, a drop of alcohol helped in alignment of thejng them did not lead to improvement. The lattice parameters
needles along the grooves, and the side face of this holdgf ihe indium secondary phase could be studied owing to
was mounted as a sample for the Bragg-Brentano measurgscelient counting statistics. For this phase, the peak width
ment. Only a small quantity of needles “standing” at the sidearameters and the scale factor were refined independently.
face could effectively diffract. Nevertheless, the signal wasrne errors for the refined parameters are the standard devia-

strong enough to be helpful in analysis of the crystallite ori-tjons yielded by the refinement program.
entation.

The X-ray diffraction measurements were made at the
Swiss-Norwegian Beamline BM1A of the European Syn-
chrotron Radiation Facility, Grenoble, using Debye-Scherre#”' RESULTS AND DI_SCUS.SION .
geometry. For data collection, a MAR345 image pldf) A. Morphology and orientation of crystal axis and
with 150x 150 um? pixel size was employed. The beam size faces
on the sample was 0:8.5 mnt and the sample to detector The phase analysis confirmed that, as for other samples
distance was 120 mm. The wavelen¢®698670 A and the  described in Ref. |, the studied sample contains a metallic-
IP position were calibrated using NIST 640b silicon stan-indium secondary phase which gives diffraction peaks of
dard,a=5.43094 A. The InN powder was mounted iista-  weak(several percenintensity; no other phase was detected
tionary) sealed thin-wall0.01 mm) boron-glass capillary of (see Figure L The crystal morphology was revealed by op-
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Figure 2. Crystallites of InNsample 3 seen under optical microscope in  gigyre 3. Powder diffraction patterrisollected using Cul radiatior) for
transmission mode. crystallites oriented randomifower curvé and in the axialmiddle curve
and parallel(upper curve positions. The arrows mark particularly strong
reflections that indicate the dominant axis or face orientations.
tical microscopy: long needles, 1—10n thick, with a length

larger by an order of magnitudeee Figure 2 Their regular
shape suggests that at least a large part of them are sin
crystals. Their morphology is different from that for microc-
rystals prepared by a related method by Angusl. (1997
(small facetted crystalsand by Dycket al. (1999 (dendritic
and platelet type morphologyAmong the InN needles, tear-
shaped indium droplets were seen. The above observations
can be compared with the results of earlier studies on whis-

ker growth of I11-V nitrides. For InN, very limited data are B- Lattice parameters and thermal expansion
available(Mamutin, 1999; Paralat al., 200)). Paralaet al.

purity (Miao et al, 1997; Wanget al., 200); the grain
of hydrogen(Lee et al, 1995. Thus, it seems possible to

tride crystallite shape.

at the growth of AIN whiskers may be affected by oxygen
shape in thin films is known to be dependent on the presence

deduce the presence of certain impurities from the 11I-V ni-

A powder pattern collected at 105 K is shown as an

(2002 reported CVD growth of InN whiskers at 773 K on a example in Figure 1, together with the refined pattern. The

sapphire substrate, with a thickness of 0.1-@u® and

R, andR,,, factor values were in the ranges 5.0%-5.3% and

lengths exceeding 1@m. These whiskers from the latter 9.0-9.4, respectively, for the studied patterns at the end of
reference have tips ending with indium droplets; the relativaefinement. The inset presents a low angle part of the diffrac-

intensity of the indium-phase reflections is similar to thattogram illustrating the high quality of refinement of the in-
measured for our sample. The needles in our sample a@ium secondary phase. The differential intensity plot shows

more uniform in size and larger than these whiskers.

the good quality of the refinement. The intensities observed

Results of laboratory experiments with crystallitesin this study, which employed the Debye-Scherrer method,
aligned in the sample holder plane and vertically to it aremarginally differed from those determined using Bragg-
shown in Figure 3. Numerical values of reflection intensitiesBrentano diffraction geometrfcf. Table Il). This agreement
are compared to the literature data in Table Il. As shown imoccurs despite the acicular morphology of the microcrystals,
Table IlI, the data for a virtually randomly oriented powder showing that the efforts to minimize preferred orientation,
are consistent with earlier reported patterns. For the elontogether with the preferred orientation correction applied in
gated shape, one can assume that a considerable fractiontbe refinementfor the Bragg-Brentano dgtawere success-
needles was aligned with the holder surface or along théul. This conclusion is consistent with the lack of improve-

grooves, causing dramatic changes in the measured peak iment when attempting to refine the preferred orientation pa-

tensities.

Figure 3 shows that the dominant needle axi$0@1]
(the strongest intensity increase relative to the random)caseThose at 295 Ka=3.53772) A and ¢=5.70374) A, are
while the side faces of the needles are mostl90), (110 consistent with earlier datacf. Table ). The room-

rameter for the studied sample.

The refined structural data of InN are given in Table IlI.

and (201). A similar [001] whisker-axis orientation can be temperature lattice-parameter values of InN are identical

deduced from the diffraction pattern by Paratzal. (2002,

(within the error marginsto the data for the same sample

where the 002 reflection is particularly strofwghiskers tend  given in Ref. I. A comparison with the literature shows that,

to grow vertically to the substrate surfacef. Table Il. A

in general, there is a satisfactory agreement of lattice param-

number of methods lead to whiskers or acicular crystals foeters between the present and reported experimental and the-
AIN (Tanakaet al,, 1997; Zhouet al, 2000; Vaidhyanathan oretical data determined at room temperature. In particular,

et al, 2000; Bockowski, 20011 and for GaN(Elwell et al,,
1984; Prywer and Krukowski, 1998; Mamutin, 1999he  same method in another laborato{yck et al, 1999 is
present finding of001] orientation of the long axis of INnN quite small(aboutAa=0.001 A, Ac=0.003 A).

the discrepancy with a sample independently prepared by the

crystals correlates with the most frequently observed direc- The value of the room temperature atomic positional pa-

tion reported for IlI-V nitride microcrystals. It is noteworthy rameter, resulting from the refinemenis=0.376913), gen-
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TABLE II. Intensities of selected Bragg peaks for indium nitride measured using different geometries. Abbrevigtiensitensity measured by a Debye
Scherrer methodi,gg—intensity measured by a Bragg Brentano method, “face”/“axis"—needlehiskers mounted parallelly/vertically to the sample
holder surface, “random”—sample preparation in a random way. “w” and “nd” denote weak and not detected(pesgiexctively. Intensities of reflections
that are particularly strong/weak in respect to the patterns of random saimpézdculated pattejrare indicated by underlingabld/italic font. The numerical
data from the work by Paralet al. (2001 were evaluated from a figure in the cited paper.

Calculated lgg (random I ps (random lgg (axis lgg (face

(random sample S3 sample S3 I gg (axis) sample S3 sample S3
hkl d(A) (PDF 79-2498 (Paszkowicz, 1999 (this work) (Parala, 2001 (this work) (this work)
100 3.065 37 44 34 35 137 181
002 2.853 32 41 31 74 187 25
101 2.700 100 100 100 100 100 100
102 2.088 17 24 19 7 w 22
110 1.769 22 50 30 23 50 108
112 1.503 19 40 31 9 nd 30
201 1.480 12 30 19 6 w 60

erally agrees with the theoretical data obtained by the LDAat the B2 beamline, Hasylab/DESY, Hambuiaszkowicz
u=0.3749 (Bessonet al, 1996, by the PP methodu and Knapp, 1999, hereafter referred to as Reffdr another
=0.3767(Munoz and Kunc, 1998 by the LDA and CGA indium nitride sample.

methods,u=0.377 (Stampfl and Van de Walle, 199%nd The axial ratio illustrated in Figure 3 smoothly decreases
u=0.379(Zorodduet al, 2007, (note also the perfect agree- with increasing temperature, confirming the tendency ob-
ment of the axial ratio with the experiment for the LDA served(in a larger rangein Ref. I. The observed decrease
case, by the PWPP methodj=0.3784(Wright and Nelson, rate is markedly smallefrelative change as low as 5
1999, and by the HF method, also=0.3784(Paulusetal,  x 107° in the studied temperature range, i.e., below the stan-
1997. No published experimental data exist. Earlier reportetjard deviation of a single pointhan that obtained from the
theoreticalu values for InN have been reviewed by Stampfi semiempirical modelWang and Reeber, 20p1The axial
and Van de Walle1999, they range from 0.375 to 0.388 (atio has been also studied for I11-V nitrides as a function of
(most frequently from 0.377 to 0.3800ur experience for increasing pressure at a fixed room temperature: a decrease
INN' shows that Rietveld refinement of laboratory Bragg-of c/a has been found theoretically for AlfChristensen and
Brentano data collected with poor statistics yields OVereSt'Gorczyca, 1998and experimentally for InNUeno et al,
matedu values of about 0.39-0.40, which tend towards MOre 994 The decrease af/awith increasing bottp and T may

reliable Iowgr yalues if the _statistics are impfo"ed- indicate that both these factors enhance the ionicity of the
The variation of InN lattice parameters with temperatureﬁhemical bond in wurtzite-type IlI-V nitrides

|fs sgotwhn n I;|gulrte 4. Lhe d(:_p(fancieqlce IS found t? lzjebsrr:rc])ot Relative temperature changes of the free structural pa-
or botha andc. It can be salistactorily approximated by the rameter,u, are of the order of %10 # with a decreasing

following formulas: tendency on increasing temperature, but the variation is
a(T)=3.53451)+1.095) X 10" °T, (1) much smaller than the standard deviation of a single point
_ More certain detecting of systematic changes @fith tem-
¢(T)=5.69892) +1.599) X 10"°T. 2) perature would perhaps be easier in a much larger tempera-
The relative change of botha and c lattice parameters with ture interval. As far as we know, the temperature effection
increasing(in the studied ranggemperature is about 0.05%. has not been experimentally determined for any of IlI-V ni-
Earlier data are also shown in Figure 4, including the unpubtrides. Only a pressure effect has been calculated. For InN,
lished preliminarya(T) results(range 10-297 Kcollected Bessonet al. (1996 have predicted that should increase

TABLE lll. Rietveld refinement results: lattice parametarandc, axial ratio,c/a, volume,V, and positional parameterfor wurtzite-type InN, andh andc
values for the In secondary phase as a function of temperature. Statistical refinement errors are indicated. Coefficients of polynomial fitiregredtatsp
A, , are also given.

InN In
T a c cla \% u a c cla \Y

105  3.5355618) 5.70054) 1.612 3220) 61.71Q12) 0.377313) 3.237713) 4.93427) 1.69653) 44.79414)
135  3.536 0819 5.70134) 1.612 3220) 61.73811) 0.377513) 3.23873) 4.93687) 1.69813) 44.84714)
175  3.536 4017 5.70184) 1.612 3120) 61.75411) 0.377413) 3.24093) 4.93917) 1.69823) 44.92714)
215  3.536 7718 5.70234) 1.612 2920) 61.77211) 0.377113) 3.24463) 4.93948) 1.69523) 45.03714)
255  3.537 2818 5.70294) 1.612 2620) 61.79611) 0.377G13) 3.24953) 4.93908) 1.68953) 45.16514)
295  3.537 7418 5.70374) 1.612 2420) 61.82111) 0.376413) 3.25493) 4.93719) 1.68213) 45.29914)
Ag 3.5344911) 5.6989419) 1.612 225%5) 61.6566) 0.37771) 3.23938) 4.91874) 1.679711) 44.69117)
A 1.09(5)x107°° 1.59(9)x10°° 1.77(9)x10°® 55(3)x10°* —2.8(7)x10°® —5.0(8)x10°°T  1.94(4)x10°*  2.44(12)x10°* 3.7(19)x10°*
A, -9.7(5)x10°° 3.54(20)x10° 7 —4.49(10)x10° 7 —8.0(3)x10 7 5.8(5)x10 ©
A; 1.31(9)x 10"
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Figure 4. (a) and(b) Dependence of lattice-parameteasandc, on temperature for indium nitridgquares The solid lines represent polynomial fits of the
experimental data. Earlier experiment&ef. |, Ref. 1) and calculatedWang and Reeber, 20DHata are included(c) Dependence of the axial ratio on
temperature. Calculated data of Wang and Re€B601) are included for comparisor(d) Variation of the refined atomic displacement factors with
temperature.

with increasing pressure. A similar behavior has been calcuindicate that the thermal expansion in the basal plane is
lated for AIN (Christensen and Gorczyca, 1993 somewhat lower than that given in earlier papers, while that
The data from Ref. Il presented in Figure 4 were col-in the ¢ direction is confirmed. Nevertheless, as the number
lected for several selected reflections, resulting in a ratheof experimental points and the studied range were small,
smooth dependence for lattice parametebut highly scat-  further studies(possibly employing synchrotron radiatjon
tered points for lattice parametefnot shown. (A high scat-  would yield more complete information on the thermal ex-
ter of c values was also seen in Refl. Thea(T) dependence pansion of InN at low temperatures.
is flattened at low temperatures, below about 100 K. The data The lattice-parameter datguoted in Table Ilf for the
of Ref. Il are the first experimental indication that thermalindium phase exhibit the known nonlinear behavior, as
expansion of InN tends to vanish at low temperatures. Furshown in Figure 5. However, some discrepancies with re-
ther studies are needed to experimentally demonstrate suslpect to the literature data were encountered. First, the lattice
(expected behavior for botha andc below ~100 K. parametea is larger while the lattice parameteiis smaller
The TECs derived from the linear lattice parameters dethan those reported by Wolcyet al. (1981 and Flower and
pendencies are a,=3.09(14)x10°® K ! and a, Saunderg1990. Second, the maximum at the temperature
=2.79(16)x 10 8 K. A comparison with literature values dependence of the lattice parametés shifted in relation to
is given in Table IV for a fixed temperature of 200 K. This the literature datdWotcyrz et al, 1981; Flower and Saun-
temperature value was chosen because it constitutes tliers, 199Dby AT equal about 50 K towards lower tempera-
middle of the range studied in the present article. The resultaires. Also, the temperature variation of the paramates

TABLE IV. Comparison of experimental and calculated thermal-expansion coefficients at 200 K.

Qg ac
(1006 K™Y (108 K™Y Remarks Reference
3.45 2.72 experimental, nonlinear in the range 100-560 K Sheleg and Sava&ténko
3.501 2.526 calculated, nonlinear in the range 50—800 K Wang and REélsy
3.62) 2.63) experimental, approximation by constants in the range 100-673 K Paszketatz(1999
3.0914) 2.7916) experimental, approximation by constants in the range 105-295 K this work
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3.265 — T T data measured using conventional equipment and those ob-
3.260 ] ] tained from calculations based on a semiempirical model.
] The free structural parametar, was experimentally deter-
3.255 3 mined. Its value at room temperature, 0.3[0&), agrees
3.250 ] ] with earlier theoretical predictions; its variation with tem-
< ] Wolcyrz et al, 1981 perature is not conclusive because the changes are much
'-; 3.245 3 smaller than the error margin. It may be concluded that ap-
3.240 ] this work ] plication of a highly intense third-generation synchrotron
] ] source combined with a 2D position sensitive detector is
3.235 Flower ———— 7 advantageous for studies of thermal expansion.
] aunders In ]
1 1990 ]
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