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ABSTRACT 

Back reflection X-ray topographic techniques have been used to charac- 

terize high resistivity CaAs single crystals. The crystals were grown by 

Bell ft Bowell under OKR Contract X00O14-70-C-O132 and their intended use 

is for high power IR windows. 

Initial results have revealed growth defects as well as defects in- 

duced by subsequent processing of the crystals. Strains from faceted 

growth were evident in most crystals. The surfaces of polished crystal 

section faces exhibited damage induced during the initial cutting of the 

crystals as well as during the polishing procedures.  It is premature to 

make any inference that this work damage is in any way responsible for 

the measured optical absorptivity at 10.6m- 

Observation of possible point and line defects characteristic of the 

bulk crystals was not possi:_e with the work damaged surfaces. Procedures 

to elucidate the degree of bulk crystal perfection will be deferred until 

the samples have been sectioned and polished in a manner that does not in- 

duce work damage. 
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The general states of the absorptivity observed for high resistivity 

(1) 4 
is summarized in Figure 1.    Once high electrical resistivities (, >10 ~cm) 

are achieved, crystals can be readily grown with optical absorptivities (a) 

in the range of 0.015 to 0.02S cm" at 10.6vm. A few crystals have been 

prepared that have exhibited as slightly below 10 ; however, they have 

not been reproduced. Figure 1 summarizes Bell & Howell's history with Cr 

charge conpensation. Approximately the sane minimum absorptivity has been 

observed in crystals compensated with Fe, Ni and undefined charge compen- 

sators. The results of absorptivity measurements of crystals previously 

grown at Arthur D. Little are included to demonstrate how readily GaAs 

crystals can be produced which fall into this optical absorptivity range. 

These were the only crystals which we have grown specifically to achieve 

high resistivities by the use of charge compensating dopants. 

The same range of absorptivities can be achieved without adherence 

to the following intuitively-important parameters. There is no apparent 

effect on the minimum a despite wide ranges of chemical purity. Most 

crystals contain 10  to 10  Si atoms per cm ; however, B, 0 C, Al and 

F levels can differ by up to two orders of magnitude between individual 

crystals with no apparent effect on a.  rhe minimum a at 10.6pm is not 

affected by the choice of charge compensating dopant as noted above. Ab- 

sorptivity in GaAs is independent of electrical resistivity when p>10 Hem. 

Crystallographic quality has no apparent effect on a. Individual crystals 

which exhibit widely varying dislocation densities and substructure have 

the same minimum level of absorptivity at 10.6ym. The crystal growth tech- 

nique also appears to have not effect on the minimum a.     Both hot wall- 
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autoclave or liquid-encapsulated Czochralski and horizontal boat grown 

crystals exhibit the saae attain absorptivity. 

these results leave one with two alternatives. Possibly the intrin- 

-2 -1 
sic absorptivity of GaAs is of the order of 10 ca  at roon temperature 

and 10.6JI, although we know of no theoretical reason for this to be so. 

Alternatively, all of the crystals nay contain soae coxMon defect which is 

insensitive to variations in process parameters. He have initiated cur 

characterization program on the basis of the latter hypothesis. 

It is well known that chemical homogeneity can be extremely poor on 

a localized scale in all melt growth III-V semiconductor single crystals. 

The specific types of defects in GaAs '  and their causes *  have been 

the subject of several review papers and will not be summarized in this 

report. The essential points are that the growth of heavily doped GaAs 

single crystals is complicated by a high entropy of fusion, low distribu- 

tion coefficients, probable retrograde solubility limits over the stoichio- 

metry range and unequal (high) vaporization rates from nominally congruent- 

melting liquids. These effects can lead to high localized compositional 

variations, even to the point of exceeding solubility limits with resultant 

precipitates. The scale of these heterogeneities is generally between tens 

-7 -4 
of angstroms (-10 cm) to microns (-10 cm). Thus, they are below the 

resolution limits of most conventional optical or IR microscopes, in-situ 

chemical analyses, electrical characterization or optical absorptivity 

measurements. Our program is designed to search for the presence of 

localized compositional variations in GaAs, and if detected, to identify 

their phase chemistry and to calculate their effect on optical absorptivity. 
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In the initial phase of this program, we will atteapt to determine 

whether any of the probable causes of Localized coapositional variations 

is responsible for the persistent residual optical absorptivity at 10.6JB. 

In this initial effort, we will emphasize direct observation techniques 

(with less eaphasis placed on indirect analytical techniques) for deter- 

mination of the optical absorption aechanism(s) and develop a plan for 

their use when definitive characterization experiments can be identified. 

Our emphasis on direct observation techniques steas from the inherent 

necessity for defining the exact nature of the defect(s) responsible for 

the residual absorptivity, which is most efficiently done by direct obser- 

vation and analytical techniques. Precise chemical, structural and mor- 

phological definition of defects is necessary so that elimination of the 

defects causing absorption can be made through modification in crystal 

growth parameters. 

We will begin this analytical program using optical microscopy, trans- 

mission and back reflection X-ray topography and transmission electron 

microscopy techniques for sample characterization. Samples will be secured 

directly from Bell & Howell, per the terms of our ONR contract,as well as, 

by direct purchase from other sources. 

Under a concurrent ONR-sponsored program, Bell & Howell is striving 

to prepare high quality, low absorptivity GaAs boules with an eventual 

goal of achieving diameter scale-up of 3 to 12 inches. In their current 

phase of work, they are attempting to minimize the absorption coefficient 

by preparing high quality crystals through selected variation in growth 

parameters, including dopant, concentration, growth rate, seed orientation, 

etc. To cover variations in these parameters, they expect to produce 
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20-25, 1-inch diaaeter boules fro« which they will supply to us a 1 cm 

thick section (including an outside wall and the core) for defect charac- 

terization. Bell & Howell will carry out chemical analysis (by spark 

source mass spectroscopy) and absorption coefficient measurements on each 

sample supplied. He, in turn, will provide Bell & Howell with the results 

of our characterization studies which should permit them to optimize 

crystal growth parameters. 

In our preliminary evaluation studies of supplied samples, we have 

used back reflection X-ray topography as a principal investigative tool. 

Samples were not received from Bell & Howell until the third month of the 

contract.; thus, we did not have time to initiate transmission electron 

microscopy and transmission X-ray topographic characterization techniques 

during the first quarter. 
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II. CHARACTERIZATION PROCEDURES 

Preliminary screening of all as-received GaAs crystals has been carried 

out by several X-ray methods to provide an estimate of crystallographic 

perfection and induced surface damage. These screening procedures include 

a determination of the orientation of all major surfaces by conventional 

back reflection Laue methods and a measure of structural perfection through 

wide area Laue patterns and Berg-Barrett (reflection) X-ray topographs. 

Wide angle Laues provide a diffraction image from a surface area about 

3/8 inch in diameter. Gross crystallographic defects including twins, 

polygonization, low angle grain boundaries and severe warpage are easily 

observed. As an example, a wide angle Laue photograph of a (111) GaAs 

slice containing a twin defect is shown in Figure 2a. Most of the enlarged 

Laue spots image the defeat, indicating that the twinned portion does not 

satisfy the required diffraction condition as for the rest of the spot; 

these defect areas reappear at other locations on the pattern. The spot 

at the top of the pattern, however, is complete; this indicates that the 

crystallographic plane responsible for this spot corresponds to (or is 

normal to) the composition plane of the twin defect. For the particular 

case shown, this spot corresponds to a (112) reflection, and the composition 

plane of the twin is (111). The wide angle Laue patterns thus provide a 

very useful tool for qualitative identification of defects at a one-to-one 

magnification. 

On a much finer scale, reflection topographs are capable of revealing 

defects as small as one micron in extent, including dislocation arrays, 

precipitates, segregation and so forth. Topographs are obtained through 

direct X-ray imaging of a selected diffraction plane onto a film. 

5 
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Although many geometrical and physical factors contribute to the 

development of a topographic image, the major factor in reflection photo- 

graphs is the result of strain-induced diffraction contrast, i.e., an in- 

crease in the intensity of the diffracted X-ray beam by those regions in 

the sample that are strained. A very thorough discussion of X-ray topo- 

graphic procedures, including theory, experimental approach and practical 

results, has been given by Meieran   and will not be repeated here. Most 

topographic cameras are designed to achieve a geometrical resolution of 

about lvm. Since the strain field that is generated around a defect is 

typically an order of magnitude larger in dimension than the defect itself, 

in principle, it is possible to observe and specify defects as small as 

a few tenths of a micron. To utilize the full resolution of the technique, 

it is necessary to employ high resolution films for image recording, since 

the photographic image is approximately the same size as the projection of 

the diffracting plane. 

We have found that high speed Polaroid film is suitable for recording 

a back reflection topographic image in just a few minutes. Besides being 

of great assistance in carrying out crystal alignment, these images provide 

greater sharpness than is obtained in the large area Laue patterns. Also, 

the entire sample can be imaged. As examples, Polaroid reflection topo- 

graphs of (224) and (440) planes from the GaAs crystal slice containing 

the twin defect are shown in Figure 2b; as described previously, the (112) 

reflection does not image the defect. 

Topograph resolution is maximized when the diffraction angle is about 

90° and when the incident X-ray beam makes a siaall angle with the surface 

of the specimen. This geometry is shown schematically in Figure 3. The 

Arthur I) Little, Inc 
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point source of X rays is provided by a microfocas X-ray diffraction unit. 

In most cases, the normal to the sample surface (N) will closely approxi- 

mate a specific crystallographic direction [hk£]. The X-ray radiation 

employed is important, for it determines which of the reflection planes 

can satisfy the condition 29 = 90°; furthermore, longer wavelength X rays 

are more easily absorbed by the specimen material. As an example, 80% 

of the diffracted intensity from GaAs occurs from the first 4pm for CrKa 

radiation, but from the first lOum for CuKa radiation (see Figure 4). 

A topograph obtained with CrKa radiation would therefore be more sensitive 

to surface preparation. 
o 

Work to date has been carried out with CuKa radiation (X - J..54051A). 

Reflections which fulfill the condition 29 * 90° include (422), (333), 

(511) and (440). Available reflection conditions for typical surface plane 

orientations are as follows: 

Reflection Plane 

(422) 

(333) 

(511) 

(440) 

2eCuK,, 

83.7C 

90.1' 

90.1' 

100.8° 

Surface Plane <P ( 

(111) 22.4° 

(110) 11.9° 

(211) 8.4° 

(111) 45.1° 

(110) 9.8° 

(211) 25.6° 

(111) 6.1° 

(110) 8.3° 

(211) 6.8° 

(111) 14.9° 

(110) 50.4° 

(211) 20.4° 

(j> (sea Figure  3) 
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The (422) reflection has been used for all screening experiment*, since- tbe 

relative intensity of this reflection is abort three tines that of %*») 

or (551) planes and six tin» that of (333); as a result, enmomu»* times 

are reduced vlth little sacrifice in resolution-   The (Sli) reflection has 

been enployed in sane cases to evaluate the exposure and processing of hieb 

resolution plates. 

Topographic diffraction langes have been recorded on three type* of 

files; alignment shots are recorded on Polaroid Type 57, low resolutIon 

(up to 20X enlargement) on Kodak So Screen aedical film, and high resolution, 

(up to 150X enlargement) on llford L4 plates, 50s» eaan^i^n thickness- 

Typical exposure tines are (for CuK.a radiation. (422?  reflection. 35 kT. 

3 ma): 

Polaroid - 1 minute 

Ho Screen - 40 minutes 

L4 - 6 hours 

Film processing, especially in the case of high resolution plates, is «err 

exacting and requires a great deal of care to avoid artifacts cm the p!at«s 

which night be erroneously interpreted as defects in the crystals.    The 

procedure given by Heieran        for processing nuclear plates is typical «£ 

should give good results.     It is imperative that vater he very pure (high 

resistivity, triply distilled, deioaized) and filtered to prevent piaze 

contamination during processing.     *e are in the process of evaluating 

several procedures  for fila processing, printing and enlarging aad viii 

provide the approach we feel is best at a later ti 
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The ■aagii» received to date fro» tell & Bouell axe listed in 

table I- laws» ■■flu mere all about 1 ca thick sections with the 

». nfclch is -liJ> In all cases, coinciding wl'h die normal 

»lane- Section surfaces uere polished to a good optical 

Car puspeses of seasuriaf the absorption coefficient; optical 

tied no evidence of surface defects remaining fron pol- 

ishing. In addition, each of die i najili i contained a flat along the 

side uhich corresponded closely to a (211) plans. 

la*;* I also lists aw sanples purchased fron coanercial sources. 

specifications for these sanples «ere: 

to a resistivity greater than 10 ohn-cn 

Cube 1 en on edge with a cube edge along direction of growth 

Growth direction to be identified, 

loth Maples were obtained fron <111> grown Czochralski boules and had 

faces close to (Hi), (110) and (211) planes. 

2-  lesultr 

patterns were taken on each of the sanples listed in Table I 

to detemdne reference plane orientations. In addition, wide angle 

Lane patterns were obtained fron arbitrary "center" and "periphery" 

positions on each of the Bell & Howell samples and from three mutually 

perpendicular faces on the two cubes. There were no gross defects, 

Arthur D Little Inc 
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such as twins or polygonization (low angle boundaries), observed in any 

of the samples. Some structure was noted in the wide angle Laues of one 

of the cubes, which was attributed to surface damage introduced during 

sawing and grinding. 

A series of low magnification (422) reflection topographs for these 

specimens are presented in Figures 4 to 13. A discussion of the observed 

surface defects for each of the samples follows: 

Sample 1852T (Figures 5 to 7) 

Crystal warpage is evident in the low magnification topograph (Figure 

5) by the variation in background contrast. In addition, damage resulting 

from scratches due to handling are abundant. The severe damage indicated 

by A (Figure 5) was probably the result of sliding over a particle of 

grit in the sample box. The broad bands marked B are the result of a 

spurious X-ray reflection and should be ignored. The light bands C, 

probably result from damage induced during the initial cutting process. 

Surface damage resulting from polishing scratches is exhibited in 

Figures 6 and 7. Optical examination of these areas shows very'smooth, 

well polished surfaces. The apparent scratch marks on the topographs are 

the result of below-the-surface deformation remaining from the polishing 

operation. The light band A (Figure 6) is similar to the bands designated 

C in Figure 5. The small black dots are defects in the film emulsion; 

studies are being carried out to avoid these kinds of defects.  It is 

clear that the polishing procedures employed with these crystals induced 

extensive surface damage. The damage is so severe that it obscures 

defects characteristic of the bulk crystal. We will repolish sections 

of these samples for use in back reflection and transmission X-ray 

10 
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topographic characterization of bulk defects. 

i . 

Sample 1857T (Figure 8) 

Background is quite uniform, but with evidence of scratches and 

other surface damage due to specimen handling. There is an indication 

of specimen warpage and strain along sample radials spaced 120° apart; 

these areas are indicated by arrows. The strain damage is the result 

of faceted crystal growth. 

Sample 1860T (Figure 9) 

This sample is much like the previous sample, but strain due to 

faceting is much more in evidence, as indicated by arrows. The defect 

A is a hole in the emulsion of the X-ray plate. 

Sample 1860B (Figures 10 and 11) 

This is a section from the bottom (i.e., the last to freeze portion) 

of the same boule from which the preceding sample was obtained. Strain 

induced by faceted growth is much mere prominent and results in substantial 

crystal deformation. Propagation of this defect through the thickness of 

the sample is shown by Figure 11, a topograph of the other side of the 

sample. The light area in the upper right corner is the result of a chip 

out of the crystal which probably occurred during cutting or polishing. 

Sample 2602-10 (Figure 12) 

The boule from which this sample was obtained was grown by liquid 

encapsulation. The sample section shows no evidence for faceting and 

macroscopically represents the best quality crystal out of the lot of 

Bell & Howell samples examined. Considerable surface damage due to 

sample handling and polishing is in evidence; this damage could be 

removed by appropriate polishing. 

11 
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Commercial Samples 

A series of (422) reflection topographs were obtained from (111), 

(110), and (211) as-cut faces of the two GaAs cubes obtained commercially. 

These topographs are presented in Figures 13 and 14.  The cube from 

Commercial Source A produces generally uniform topographs. The sample 

appears to have good perfection, with only slight evidence cf residual 

saw damage, evident on the (111) face. The chip on the corner resulted 

from dropping the crystal.  In contrast, the sample from Commercial Source 

B reveals considerable structure which we attribute to massive damage 

from high speed sawing. As a result of this extensive damage, it is not 

possible to comment on the sample's crystallographic and microstructural 

quality.  It is evident that the damage induced during the initial sawing 

extends deep into the crystal. Many of the Bell & Howell crystals 

exhibit similar residual damage of this type on polished surfaces. 

These samples will be used for evaluating and developing our own 

sawing and polishing procedures. 

3.  Summary of Characterization Results 

The low-magnification, macroscopic back reflection X-ray topographs 

of the five Bell & Howell samples has revealed significant differences in 

residual stress resulting from growth conditions. One crystal (1860B) 

was highly stressed; two were moderately stressed (1857T and 1860T) and 

two were essentially free of stresses induced from growth faceting (1852T 

and 2602-10).  Typical of the anomalies which have appeared in determining 

the cause of the optical absorptivity, one of the best crystals from the 

point of structural perfection (1852T) had the highest absorptivity 

(0.031 cm" ) at 10.6y. 

12 
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At magnifications in the range of 10 to 25 times» extensive 

surface damage was evident in all of these crystals. Residual damage 

typical of that induced during the original cutting was one type. A 

second resulted from surface polishing. Some damage from mishandling the 

samples was also evident, but this is not related to the processing 

history. 

The surface damage on these samples was so extensive that it is 

impossible to reveal line and point defects, e.g., dislocations and 

precipitates, which are characteristic of the bulk materials. The 

damaged surface layer will be carefully removed by chemical-mechanical 

polishing techniques to permit back reflection and transmission X-ray 

topographic examinations which represent the bulk crystal in the near 

future. 

Significant differences in the cutting procedures used by commer- 

cial sources of GaAs single crystals were revealed. This type of damage 

can be deep and indeed was also present in most of the Bell & Howell 

crystals we examined. 

The results carried out to date must be viewed as preliminary in 

nature. Thus, it is too early to realistically draw significant con- 

clusions about the defect(s) responsible for the optical absorptivity 

in GaAs at 10.6vim. 

13 
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IV.     FUTURE WORK 

During the second quarter of this program, we will continue to charac- 

terize these and other samples which we expect to receive from Bell & 

Howell. Surface damage areas will be removed to permit characterization 

of bulk point and line defects in the crystals. Sections will also be 

o 
thinned to approximately 1000A to permit characterization of the samples 

by transmission electron microscopy. 

The usefulness of IR microscopy will be investigated. Preliminary 

results with microscopes operating at approximately lym wavelength have 

provided some interesting insights.  Stress fields corresponding to the 

strain fields in the X-ray topographs resulting from growth faceting were 

visible in polarized transmitted light. This indicates that the crystals 

still contain residual stresses as well as strained areas.  Because the 

low wavelength absorption edge is shifted upward, the usefulness of 1pm 

(3) 
illumination is somewhat compromised for Cr-doped GaAs.    Thick samples 

appeared quite opaque, and overlapping defects could not be easily resolved. 

Processing and exposure conditions for the high resolution X-ray 

plates will continue to receive attention. The topograph images are essen- 

tially the same scale of size as are the samples; thus, all magnified 

observations must be made on the high resolution plates.  Care must be 

taken to insure that defects in the crystal are observed. Dust, for example, 

presents a serious problem in handling the plates. Also, plate processing 

conditions must assure minimum grain growth of the silver to yield maximum 

resolution. When the Ilford L4 plates are exposed to optical photons, they 

can be usefully magnified in excess of 1000 times. To date, the grain size 

14 
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in the same plates exposed to X-ray radiation has not permitted magnifica- 

tion in excess of 300 times. We intend to determine whether this is in- 

herent to the interactions of X rays with AgBr emulsions or whether grain- 

size growth can be prevented by modified film processing procedures. 

.. 

.. 
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FIGURE 1    THE ABSORPTION COEFFICIENT OF Cr-D0PED GaAs AT 10.6 

MICRONS AND 300°K AS A FUNCTION OF THE CHROMIUM 

CONCENTRATION IN THE INITIAL MELT 
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a) Wide Angle Laue 

f   • 
(422) (440) 

b) Reflection Topographs, IX 

FIGURE 2 DEMONSTRATION OF THE PRESENCE OF A GROWTH TWIN 

DEFECT IN A (111) GaAs SLICE 
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FIGURE 4 PERCENT OF DIFFRACTED BEAM INTENSITY FROM SURFACE 

LAYER OF THICKNESS x COMPARED TO INTENSITY FROM 

INFINITELY THICK SAMPLE 
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FIGURE 5     (422)  REFLECTION TOPOGRAPH OF SAMPLE 1852T,  6X 
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FIGURE 7  (422) REFLECTION TOPOGRAPH OF SAMPLE 1852T, 30X 
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FIGURE 8  (422) REFLECTION TOPOGRAPH OF SAMPLE 1857T, 6.5X 
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FIGURE 
9  (422)  REFLECTION TOPOGRAPH OF SAMPLE 1860T, 6.2X 
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FIGURE iü  (422) 
REFLECTION TOPOGRAPH OF SAMPLE 1860B (front), 6.2X 
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FIGURE 11 (422)  REFLECTION TOPOGRAPH OF SAMPLE 1860B (back), 6.2X 
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FIGURE 12     (422)     REFLECTION TOPOGRAPH OF SAMPLE 2602-10,   10.5X 
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FIGURE 13  (422)  REFLECTION TOPOGRAPHS 
OF 1 CM CUBE OF GaAs FROM 
COMMERCIAL SOURCE A,  10X 
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FIGURE 14 (422) REFLECTION TOPOGRAPHS 
OF 1 CM CUBE OF GaAs FROM 
COMMERCIAL SOURCE B, 10X 
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