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III-V Compound Substrate and Epitaxial Layer 

Characterization by Divergent X-ray Beam Diffraction 

L. F. Donaghey and R. H.Bissinger 

Inorganic Materials Research Division of the 
. Lawrence Ber~eley Laboratory and the 
Department of Chemical Engineering of the 

University of California 
Berkeley, California 94720 

Abstract 

The divergent x-ray beam diffraction method was studied 

for .the characterization of. lattice perfection in GaAs substrates 

and of composition variation and growth defects in epitaxial 
• 

GaASl_xPx layers. Reflections from the {7ll}, {620}, {551} 

and (400) planes ~redominate in pseudo-Kossel back ~eflection 

patterns obtained from samples with (100) surface orientations. 

The selectivity of pseudo-Kossel line displacements is 

assessed for lattice parameter and anisotropic strain dis

tortion measurement. Lattice parameter variations in 

epitaxial layers are accurately measurable from {551}, {444} 

and {4 22} plane reflections, while (400) line displacements 

can be used to measure lattice strain~ 
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Introduction 

The divergent beam x-ray diffractionmethotl offers 

considerable potential in the analysis of crysta'llographic 

and microstructural properties of epitaxial single crystal 

layers. The divergent beam method, originally developed by 

Imural ,2 for the study of deformation and lattice defects in 

single crystals, allows with high precision the measurement of 

the lattice parameters and orientation of single crystals. 3 

This method can also yield information On lattice parameter 

variations, as well as on lattice distortion and can yield 

topographical mapping of lineage substructure in graded 

epitaxial layers. 

Although the epitaxy of deposited films on single crystal 

surfaces has been studied by many methods, Wood was the first to 

apply the divergent beam x-ray.diffraction method to observe 

the orientation of epitaxial films produced by electrodeposition 

on well characterized substrates. 4 More recently, Lighty applied 

the method to the study of electrodeposited epitaxial copper 

. 5 
films. The application of this method of x-ray diffraction 

to characterize lattice properties of III-V compound substrates 

and epitaxial layers of semiconducting materials has not been 

previously reported. 
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, In this F(aper the potential applicability of this 

method to'the ·characterization of lattice perf~ction in single 

crystal substrates and of growth defects in epitaxial, 

graded com1?osition layers of III-V compounds is examined • 

. The calculations are confined to the diffraction of CuK 1 . a 

x-radiation from GaAs,but the methods apply equally to 

other; III-V compounds an9 alloys. 

Pseudo-Kossel Line Generation 

. The apparatus for ba~k reflectiob x~ray diffraction of 

divergent beams is shown schematically in F;ig. 1. The diver

gent x-ray beam is generated by electrostatically focussing 

high energy electrons onto the-'~enter of a thin metal foil 

target.- If the electron accelerating voltage is sufficiently 

high, characteristic x-radiation emerges from the foil in-all 

directions. The radiation emerging from the vacuum side of 

the target foil is absorbed by the electron beam tube while 

that emerging from the opposite side irradiates a bulk sample 

placed from 0.1 to 1 em in front of the point x~ray source. 

X-ray diffraction from crystallographic sets of. planes 

in the specimen produce both forward and back-reflection 
1, 

patterns which Imura etal.have termed pseudo-Kossel patterns. 

Whereas true Kossel pa-tterns are produced by diffraction of 

a point source of characteristic x-rays generated or: the sample 

. surface by a focussed electron beam,7 the x-ray point source 
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for pseudo-Kos'sel· patterns produces non-characteristic 

x-radiation generated at a point removed from the sample 

surface. The Kossel diffraction envelopes are true, cones, 

but the pseudo-Kossel diffraction line~ are conics distorted 

by reflection from the sample surface. These distorted cones 

intersect the photographic film in ellipses which are sym-

metric about their major axes, but which have minor axes displaced 

toward the beam axis. Each ellipse in the pattern originates 

by diffraction from a different set of (hkl) planes. 

As an example of the diffraction geometry, Fig. 1 shows 

x-ray diffraction of CUKalx-rays from (hkl) planes inclined at 

an angle B from the sample surface. The plane of the drawing 

thus contains the surface normal ~HKL and the (hkl) plane normal 

~hkl. Since diffraction occurs only at the Bragg angie, the 

back-diffracted beam will intersect the fil~ on the axis shown, 
, 

with the beam axis as origin, at Y2 and Y2. The camera 

dimensions a and b both adjust the size of the ellipse major 

axes, with b limited by the available sample size so as to 

produce diffraction at YI and Yi, and with the length a limited 
, 

by the film size for recording a given pseudo-Kossel ellipse. 
. . . I. . 

Differences in (hkl) plane orientations and! spacing 

produce measurable displacements in pseudo-Kossel line posi-

tions. For example, a displacement in the camera distance, 

l:b, produces displacements tw 2 and 6.y; in line positions along 

the major axis. The relationship between the observed line 

-3-
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. displacements '6Y2 and the sample displacement 6b provides 

the'basis for lattice parameters determination once the 

pseudo-Kossel lines are indexed. Lattice distortion and 

epitaxial growth defects produce similar displacements 6Y2. 

Pseudo-Kossel Paftern Indexing 

The interpretation of pseudo-Kossel patterns produced 

by back reflection of a divergent x-ray beam is relatively 

simple for samples with planar surfaces of known orientation. 

The direction and extent of pseudo-Kossel ellipses can then be 

deduced from geometrical constructions involving the Bragg 

angle, e, and the inclination angle f3 between the diffracting 

planes arid the sample surface, as shown in Fig. 1. 

The diffraction parameters required in the calculation 

of pseudo-Kossel patterns produced by divergent beam back 

reflection from (100) GaAs are sUnuna.rized in Table 1. The 

Bragg diffraction angle 9 is tabulated for each plane, as are 

the plane-inclination angles f3. Only those diffracting planes 

yielding fini te dif~raction intensities for CUK
al 

x-radiation 

are listed. Since only those planes for which 9-a >0 and· 
.' 

6+B <180 0 will produce back reflected x-rays, not all {hkl} 

planes will contribute to the back reflection pattern. The f3 

angles of planes contributing to forward diffraction are therefore 

listed in parentheses. 

-4-
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The maximu~ and minimum radii of pseudo-Kossel lines 

can now be calculated from the tabulated data and from the 

conditions of Fig. 1. The line coordinates on the ,sample 
I 

surface and photographic film along the major axis are 

related to the film-target and target-sample distances a 

and b, respectively, by the relations, 

Yl = b cot (8+{3) 

Y2 = b cot (8+8 ) + (a+b) cot (8-S ) 
(1 ) 

• =-b cot (8--8) Yl 

Y~ =-b cot (8-13 ) - (a+b) cot (8+{3) 

For (100) GaAs and CuKa x-radiation the superpositions of tne 

diffraction rays for all planes containing the beam axis 

and (hkl) plane normals is shown in Fig. 2 for camera 

distances a and b equal to 3 and I units, r"espectiv'ely. 

This figure allows the prediction of pseudo-Kossel line major 

axis-intercepts Y2 and y; for all camera constants a and b 

by the following construction: the constant b is taken as 

the unit distance and an arbitrary film plane is drawn perpen-

dicular to the electron beam axis such that the ~ilm~target 

distance a is the desired number of unit distanc~s; the hkl 

plane diffracted rays will then intercept the new film plane 

• at distances Y2 and Y2 measured on the diagram in unit distances 

from the beam axis. 

The sample size required to produce diffraction from a 

given set of lattice planes for a fixed target-sample distance 

. -5-
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<can also be' determined with th~ aid'cof Fig. 2.' The figure indi-:

cates (200) ·aRd.{444} reflections occur at th~' largest distances 

from the electron.beam axis. Samples of limitedcross.,..section 

can be examined by the divergent . beam diffraction meth.od 

provided. that t;.he target-sample distance is sufficiently 

reduced. For larger target-sample distances these reflections 

are permitted only with special sample placement. 
;, 

A'similar construction can be made to calculate the minor 

axis end points of pseudo~Kossel ellipses. This is done by 

constructing~the plane perpendicular to the plane of Fig. 1, 

but which contains the (hkl) plane normal and passes through 

the x-ray point source. Sample and film coordinates of pseudo-

Kossellines in' this plane are then 

" 

xl - -xl = b cot e secS 
(2) . , 

x
2 

= .,..x
2

= (a+2b) cote ~ec S 

where the x-axis lies in the film plane perpendicular to 

the y-axis shown in Fig. 1. 

The major and minor axis dimensions of complete ellipses 
, ' 

in the back-reflection pseudo-Kossel pattern are useful for 

indexing the 'ellipses in.terms of diffracting planes, provided 

that the camera dimensions a and b are kI:10wn. 
J 

In terms of 

the parameters of Fig. 1 it can be shown that the ellipse 

major axis diameter, Y2-y;,is given by' 

Major axis diameter = (a+2b) [cot (e+£) + cot, (a~ ) ] (3)' 

-6-
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Similarly, the minor axis diameter,x 2-x;,is 

Minor axls diameter = 2(a+2b) sec 6 cot e (4 ) 

Note that the ellipses are asymmetrically distorted toward the 

beam axis and thus it is riecessary to take the 'larg,est 

dimension perpendicular to the major axis as the minor axis 

diameter. If the reduced variables 

\ 2(a+2b) 
v = 

Y2-Y2 
(5) 

2 (a+2b) u = , 
x 2 -x2 

are defined, then the (100) to (hkl) interplanar angle S can be 

found from the root of the equation, 

uv (6) 

Similarly, the Bragg angle e can be deduceq from the equation, 

I 

cot3 a + (1-u- 2 ) cot e = vu-2 (7) 

The Miller indices of the diffracting plane are then calculable 

from Bragg's law and from the inter-planar angle formula. As 

an example, for samples with (100) surface orientations, the 

Miller indices are 

-I 
h = 2a A sin a cos S o 

k 2+1 2 = (2aoA~1) sin e sin S 
(8 ) 

The final distinction between the Miller indices k and 1 requires 

-7-
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,a ster~ographib piQjectionof possible diffracting planes .. 
for the zlnc blende structu~e. 

'i'hesymmetryof eqU:~valent{hkl}'diffracting plane~'about 

the electron'beam axis provides a simple basis for indexing 

pseudo-Kosse,lpatte);:"n ellipses ~. The stereographic projection 

of {hkl} plane normals onto ,the (100) plane intl}e zinc blende 
, , 

structure is shown in Fig. 3a. Ellipse indexing is achieved 

by s~perimposingthe stereogram bntothe pseudo-Kossel pattern 

so that vectors from the' stereogram center'to {hkl}:projections 

lie along 'ellipse major diameters. Each ellipse is assigned 

the correspondinghkl index. From such a pr6jection'one can 

expect {lIn} pla~e diffractions to produce ellipses appearing 

, in. sets of four oriented at 45 0
, 135 0

, 225 0 and 315 0 frQm the 

[010], while eight-fold additional ellipses are generated by 

diffraction from {nIl} planes and appear'in pairs oriented 

symmetrically abouit (lOa) directions. The latter set cannot 

1;>e distinguished from {nnl} plane ellipses, however, and cause 

ambiguous ellipse assignments if they are made by symmetry 

arguments alone. 

The ~iguity in, ellipse assignments is lifted if only 

those planes with normals within 4S o of the beam axis are 
, . 

included in the stereogram. Fig. 3b shows the (100) stereo-

graphic proj~ction of {hkl} planes which produce pseudo-Kossel 

, pattern ellipses by back.;.diffraction of CUKaJ; x-radiation 

(A = 1.54051 !) from (100) GaAs. All diffracting planes 
, 
contributing' to the back-reflection pattern 'are inside the 

-8-
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45° central ZQIle of the stereogram for this case. Additional 

{hkl} plane ~eflection diffractions outside the 45° central zone 

are possible for samples with smaller lattice parameters and for 

x-ray targets producing longer wavelen~ths, but1thejadditional 

ellipses usually lie far from the central region' of the back-

diffraction pattern. 

The fully indexed pseudo-Kossel pattern obtained by back 

reflection diffraction from (100) GaAs is shown in Fig. 4. 

The most prominent lines are the four-fold {1l7} and {026}, the 

eight-fold ~55} and the single (400) plane reflections. 

Lattice Parameter and Strain Measurement 

The application of the divergent x-ray oeam diffraction 

method to str1lctural analysis requires conditions that favor 

a high selectivity of pseudo-Kossel line positions to crystallo-

graphic properties of the sample lattice. In this section the 

selectivity of back reflection pattern lines is examined for 

lattice parameter and anisotropic lattice distortion 

determination. 

The Film DisplacernentMethod 

Crystal lattice parameter determination by the divergent 
, 3 

x-ray beam method has been discussed by Ellis et al. These 

authors eliminate errors in the measurement of camera constants 

a and b by taking multiple exposures after successive displace-

ments of the film plane. The measured displacements in the 
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(hkl) pseudo'-Kossel line position.s along the major axis are 

related to the film' plane displacementLa~by 

The lattice 

a o 

/J.Y2 = ta cot (e -£ ) 
(9) , 

La cot (e+s ) - LY2 = 

parameter can then be calculated from 

= 1 A 
2 

2 22 / {l r. -1(
DY

2) -1(- ~2)~} h +k +1 sin 2Lcot l1a + cot , ~~ (10) 

,The sensitivity of the method can be assessed by considering 

a differential displacement in Y2 produced by an incremental 

film plane displacement da, 

dy2 
-- = cot (e-e) 

aa 

* 

/ 

The magnitudes of this differential fir 0:1kl) pseudo-Kossel lines, from,' 

GaAs are shown in Table II. The {422}, (200) and {444} lines 

yield the highest sensitivity, but the diffracted beam 

intensities are low and the ellipses often are incomplete. 

Since the above method for lattice parameter determination re

quires complete pseudo-Kossel ellipses for the measurement'of ' ' 
I , 

'.6y~; the {444} reflections cannot be used since Y;falls' within' 

the central hole in the film plane required to pass the electron 

beam tube. 

-10-
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'The Sample Displacement Method 

An alternate method for lattice parameter measurement 

is proposed here in which the displacements in pseudo-Kossel 

lines are measured for a precise sampl~ displacemen~ as shown 

in Fig. 1. A sample displacement6b will then produce (hkl) 

li.ne" displaceineH1ts along ellipse major axes of amounts 

6Y2 = tb cot [(a-a ) + cot (a+e ij 
-6y = 6b cot [(a -B ) + cot (a+e D 2 

(11) 

The displacements 6 Y2 and -6Y2 are identical and, therefore, 

only 6Y2 needs to be measured. This method requires that 

the sample surface orientation be known, from which the (hkl) 

plane inclination angle f3 can be calculated. 

The ·sensitivity of pseudo-Kossel line displacements produced 

by an incremental sample displacement is then 

C¥2 

ab 
= co t ( a +a) + co t ( a --a ) (12) 

Table II summarized the magnitude of this differential for· 

different (hkl) plane reflections from GaAs. Line displacement 

sensitivities for sample displacements are comparable to but 

generally lafger than those for film plane displacement. 

The sample displacement method offers greater selectivity for 

certain pattern lines and is easier to carry out for those 

ellipses '.passing near the beam axis. 

-11-



Ep,itaxial . Film Lattice Parameter Measurement 

Differences in lattice parameters between the substrate 

and a thin epitaxial layer can be deduced directly from 

pseudo-Kossel patterns since the pseudo-Kossel line positions 

are strong functions of lattice plane spacing. From Eg. I 

and Bragg'~ la~ one finds th:at, the va:r;:.iation Qf a line posi

tion Y2 with lattice parameter a o is given by 

a~l tan s [b csc2 
(S+s) + (a+b) CSc2 (s-tn] (14) 

The resolution between substrate and epitaxial layers is in-

creased if the lattice parameter of the epitaxial layer is 

smaller than that of the substrate, whereas the two, sets of 

diffraction lines tend to overlap when the lattice parameter 

decreases with increasing depth. 

The product is tabulated in Table II for 
~ 

(hkl) plane diffractions from GaAs, showing that highest pre

cision can be obtained with the {422} and {444} plane reflections· 

As the latter line intensities are low, howeve~, the measure

ments from {551} plane reflections are recommended for 

lattice parameter measurements in epitaxial layers. 

Strain Measurements 

A strain analysis using the divergent beam method was 

recently developed by Imuraet al. 2 who calculated ,the prin-

cipal strain in a crystal from measured changes in inter

atomic spacings of more than six independent (hkl) reflections. 

-12-

,I 



The change in interatomic. spacings ~ dhkl induced by mechanical 

stress is indistinguishable from the corresponding change .. 
lId

hkl 
induced by chemical composition changes. Thus, for 

chemically pure samples the pseudo-Kossel line displacement 

sensitivities to lat;tice parameter, as, described in I the pre-
. I 

ceding section, form the basis for a principal s.train analysis. 

Irt epitakial layers containing ~ro~thdefects6,1 ·th~ 
I 

displacements.in (hkl) plane orientation are expected to be 
. I 

larger than .displacements in interplanar spacing. The 

orientational change for a set of (hkl) planes is of two 

types. A uniform orientational change.within a microcrystalline 

region is called homogeneous strain or macrostrain, whereas a 

broadening of the diffraction line due to a continuous variation 

in (hkl) plane spacing is called inhomogeneous strain broaden-

ing or microstrain. 
8 

The line profile theory of Warren and 

the inhomogeneous strain and coherency domain size determination 
\ I., 

method developed by Warren and Auerbach
9
arJthe basis for 

line broadening. analysis. Microstrain and orientational 

change analysis is difficult because eabh pseUdo~Kossel line 

is produced by diffraction from a different regi~n of the 

sample. 
I 

The sensitivity of pseudo-Kossellinedispl~cements 

induced by a differential change in the: (hkl) plane inclination 

angle S is found from Eq. I to be 

aY2 2 2 as = b csc (8-S) - (a+b) csc (8+8) (15) 

-13-



The magnitudes, of this~differential for different (hkl) pfanes 
, ~ /-"1 .. ;, . {:\ i ; ,~ 

ar~ also showrl~in)'Table II. T;he"(20'O) and {422}l?lane reflec-
'. 

: tions provide the most sensitive measurement of '(hkl) plane 
£, . 

orientational change. Of the most prominent lin~s in the 

pseudo-Kossel pattern, however, the (400) reflection provides 

thehignest sensitivity. 

Conclusions 

The divergent x-ray beam method is a promising anqlytical 

technique for characterizing the lattice perfection of sub

strate crystals and growth defects in epitaxial layers. The 

pseudo-Kossel patterns generated for (100) orientation III-V 

compounds are easily indexed in terms of the Bragg angle for 

diffraction and interplanar angles. The selectivity of 

pseudo-Kossel lirie displacements induced by film and sample 
• 

positions and by lattice parameter al).d (hkl) plane orientationa'l 

changes were assessed for GaAs. The {444} , {55l} and (400) 
. ' . 

plane refl~ctions gives greatest sensitivity for lattice par-

ameter measu~ements by the sample displacement method and 

give highest sensitivity for measurement of inhomogeneous and 

homogeneo~s strain.; Of the most prominent lines in the (100) 

pseudo-Kossel pattern for GaAs the {55l} lines show the 

largest 'sensitivity to lattice parameter differences between 

epitaxial layer and substrate. 
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Table I 

Diffraction Parameters for Back-Reflection Pseudo-Kosse1 Patterns from (100) GaAs 

hk1 ~ d (1t)- (1). . e (deg) (2) 

III 100 

200 1 

3.26409 13.649 

2.82670 15.812 

a (deg) (3) 

(54.736)(4) 

SiB s-a cot (8+B) cot (e-s ) . 

15.812 15.812 3.5311· 3.5311 

, 220 

311 

400 

331 

422 

333 

511 

440 

531 

620 

533 

444 

711 

551 

35 

35 

6 

8 

6 

4 

4 

2 

2 

4 

2 

4 

2 

1.99880 

1.70458 

1.41335 

1.29698 

22.666 

26.864 

33.023 

36~433 

0.000 

(45.000) 

25.239 

0.000 

(46.508) 

(90.000) 

(90.000) 

(72.452r 

(90.000L 

(76.737) 

52.103 

33.023 

1. 62 5. -0. 778 4 

33.023 1.5385 

35.2495 

1.5385 

1.15399 41.872 

1.08799 45.069 

35.264 (65.905) 

(54.736) 

77.136 9.805 

(78.904) 60.862 29.276 

(90.000) 95.418 5~418 

(59.530) (8Q~268) 86.023· 21.399 

(71.565)· (90.000) 77.943 41.013 

~2.774(5) 103.622 22.990 

0.2284 5.7864 

0.5575 1.7837 

-.0948· 10.544 

0.0695 2.5518 

0.2136 1.1474 

-.2423 2.3570 

1.08799 

0.99940 

0.95560 

0.89387 

0.86214 

0.81600 

0.79133 

0.7913.3 

45.069 

50.418 

53.711 

59.508 

63.306 
70.72j~ 

15.793 

45.000 

32.312 

18.435 

40.316 

54.736 125.459 

B8.073 

122.213 

15 • 987 ....-. 712 2 3.4904 

0.~614 

1.6584 2 

76.651 

76.651 

11.422 ('81.951) 

45.562.(.81.951) 

(1) d = ao/~h2+k2+12, ao = 5.6534 A for GaAs 

(2) e = sin -1 [AI {2d}], A = 1.54051 Jt for· CUKa1 x-radiation 

(3) B = cos-1 (Hh+Kk+Ll) I ~(H2+K2+L2) (h2+k2+1 2 ) , (HKL) = (001) 

65.229 

31.089 

0.0336 

-.6300 

(4) Interp1anar angles shown in parentheses correspond to transmission diffraction. 

(5) e±s values are omitted. 

- , .. __ .. _,_ .. -._--- --~ --~-.. ----.~ .. -. -~-- .... _--_.«.-_ ... __ .-.-
- ----- .... - .. --- . --.~---.-.----- - -- .. ,---~ -. - _._-_ .. --' _.---
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Table II. 

Differential displacements of the pseudo-Kosse1 

line parameter Y2 for camera lengths a = 3 cm 

and b = 1 em 

aY2 aY2 aY2 
3y . 2 

ao aa hk1 aa ab as 0 

200(1) 3.5311 7.0622 19.072 -40.4060 

400 1.5385 3.0770 10.9428 -10.0994 

422(1) 5.7864 6.0148 31.8515 30.2735 

511 1.7837 2.3412 5.5056 - 1.0614 

531 2.5518 2.6213 11.5987 3.4925 

620 1.1474 1.3610 5.7096 - 1.8659 

533 2.3570 2.1147 15.14'28 2.3205 

444 3.4904 2.7782 42.0036 7.1539 

711 0.4614 0.4950 9.3308 - 2.7916 

551 1.6584 1.0284 21.6927 - 1.8374 

(1) Large sample area or special film placement 
required •. 
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List of Figures 

Fig. ,1: Camera geometry for back-reflection pseudo

Kossel x-ray diffraction patterns in the 

plane containing the beam 'axis and the 

diffracting plane normal. 
, 

Fig. 2: . Back-reflection diffraction of CUKal , 

x-radiation from (hkl) planes of GaAs, 

for film-targetand target-sarnpledistances 

of 3'and 1 cm, respectively. The figure 

shows superpositions of diffraction in planes 

containing the (hkl) plane normals. 

Fig. 3a: Stereographic projection of {hkl} ~poles onto 

the (100) plane of the zincblende ,structure. 

Fig. 3b: Stereographic projection of {hkl} polescontribut

ing to back-reflection ~seudo-Kos~el lines 

from (100) GaAs. 

Fig. 4: ,Pseudo-Kossel pattern for (100) GaAs produced by 

back-reflJction diffraction of CUKalx-radiation 

with camera constants a = 3.06 em andb = 1.07crn. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
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. 
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