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ABSTRACT 

The morphology and distribution of phases resulting from the 

thermal o~idation of GaAs at 500 ° C has been investigated by 

application of high-resolution transmission electronmicrosopy to 

cross-sectioned .specimens. The oxide layer grown at 500°C was found 

to consist of epitaxial y-Ga203 with hexagonal As precipitates at 

the interface \'iith GaAs. The evolution of the oxide/GaAs interface 

morphology is discussed in light of these results. 

I NTRODUCTI ON 

The thermal oxidation of GaAs became a subject of great interest 

in the 1970·s when the feasibility of producing metal-insulator-GaAs 

devices was being explored . The mi crostructure and chemi ca 1 

composition of thermal oxides have been exhaustively investigated 

by x-ray diffraction, Auger depth profiling, x-ray photoelectron 

spectroscopy, conventi ona 1 transmi ssi on electron mi croscopy, and 

several other techniques. The findings of these studies are reviewed 

in articles by Schwartz [1], Thurmond et ~ [2J and Wilmsen [3J. 
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Since the bulk of this work was reported, many advances in 

materials charac~edzation techniques have been made. In particular, 

the spatial resolution of transmission electl~on microscopes has 

improv~d. to .the atomic level [4] and. methods for the preparation 

of cro.ss-sectional specimens. have been developed [5,6]. In this 

letter, the results of a high-resolution transmission electron 

microscopy study of the thermal oxide on GaAs are reported. Emphasis 

is placed on microscopic phase identification and the determination 

of orientation relationships, topics which are not easily addressed 

with any other technique. 

EXPERH1ENTAL 

Gallium arsenide (100) wafers (Si~doped to 3.6 x 1018 cm-3) 

.were chern-mechanically polished with sodium hypochlorite. After 

high energy proton implantation (300 kV, 1016 cm-·2 ) the wafers ~ere 

annealed at temperatures between 300 .and 600 0 C in flm'iing argon 

(with residual 02 and water vapor). The wafer annealed at 500°C 

for 15 minutes was chosen for detailed study. As oxidations in 

various atmospheres such as dry 02, wet 02 and air have been shown 

to yield similar results [3], it is expected that the morphology 

and crystallographic features of the oxide chosen for this study 

will be representative of other thermal oxides grown at the same 

temperature. It is clear, hO\'iever, that the results reported here 

may differ quantitatively from the results (e.g. oxide thickness 

and quantity of phases) obtained from thermal oxides grown under 

different conditions. 
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Cross-sectional specimens were prepared by forming a sandwich 

with epoxy, followed by mechanical polishing and then argon ion 

milling in a specimen stage cooled by liquid nitrogen. - High 

resolution images were recorded in <110> GaAs zone-axis orientation 

with a JEOl JH1 200CX operated at 200 keY (interpretable 

point-to-point resolution ~0.23nm). 

RESULTS AND DISCUSSION 

1. The y-Ga203/GaAs orientation relationship 

Figure l(a) is an image of the GaAs surface region after 

oxidation. The indexed diffraction pattern from the same region 

is shown in Fig. l(b). The 044 and 004-type reflections from cubic 

y -Ga
2

0
3 

are clearly visible and indicate a strongly preferred 

orientation relationship with the GaAs substrate. The hi gh 

magnification image of Fig. l(c) confirms this result. The {111} 

lattice planes of y-Ga203 (ao = 0.822 nm [7J, ao (measured) = 0.824 

2: 0.008 nm) are resolved and the corresponding diffraction spots 

are faintly visible in Fig. l(b). These results show that the y-

Ga203 phase is epitaxial with the simple orientation relationship 

{lll}y_Ga 0. I I {lll}GaAs 
2 3 

<liO>y-Ga
2

0
3 

I I <liO>GaAs' 

Deviations from this orientation relationship by up to 5° \'Iere 

detected by lattice imaging in some regions of the oxide film. 

It is interesting to note that if the lattice correspondence 

of two (hkl) planes of Y-Ga203 with three (hk1) planes of GaAs is 
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considered, the lattice mismatch is only 3%. This high degree of 

lattice correspondence is the probable cause for the formation of 

the S phase in place of the bulk equilibrium y phase (monoclinic) 

of Ga20s X-ray diffraction [8-10] and electron diffraction [8,11,12] 

studies reported in the literature claim that Ga203 is present as 

only the S phase. It is plausible, however, that a thicker oxide 

might contain only a thin interfacial layer of the-y phase with the 

remainder in the S form. In this case the volume fraction of the 

y phase might fall below the detection limit of x-ray techniques. 

In any case, the conditions for formation of they phase remain to 

be determined. 

2. The hexagonal arsenic/GaAs orientation relationship 

Two distinct oxide/GaAs interface morphologies were observed. 

In some areas, oxidation-enhanced decomposition of the GaAs resulted 

in the formation of voids at the interface (see Fig. l(a)). No 

trace of crystalline As or AS203 was detected in the immediate 

vicinity of these voids. However, in the regions between voids 

the oxide/GaAs interface was found to contain a high density (2-5x1011 

cm- 2 ) of small (5-10 nm in diameter) hexagonal arsenic precipitates. 

Fi~ure 2 and the inset optical diffractogram from the 

of the image reveal the As/GaAs orientation relationship: 

{OOl}As I I {lTl}GaAs 

<lOO>As I I <llO>GaAs-

same area 

It has not been determined whether the basal plane of arsenic is 

preferentially oriented parallel to either the {11l} A or {11D B 

planes of GaAs. 
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As can be seen in Figs. 1-3, images of arsenic precipitates 

are characte~ized by strongly contrasting {012} lattice fringes 

(spacing 0.2771 nm [13J, measured spacing 0.275 + 0.003 nm). This 

observation is not surprizing since'the powder diffraction results 

[13J for x-rays show that the intensity of the 012 reflection is 

much greater than that of all other reflections. The moire fringes 

visible in Fig. 1 (spacing 1.2 nm at "'23' from <001> GaAs toward 

<110> GaAs) are a result of the interference between the' {012} planes 

of As and the {ll n p1 anes of GaAs. 

The lattice mismatch between corresponding directions in the 

basal plane of As and the OlD planes of GaAs is '\.6.3%. This 

mismatch results in a structural discontinuity where a larger number 

of lattice planes in the arsenic phase meet fewer planes from the 

GaAs phase at their interface. The apparent bending of the lattice 

planes near the end of the extra {012} arsenic plane in Fig. 3 

suggests that extra at'senic planes terminate in interfacial misfit 

dislocations. 
o 

3. Mechanism of oxide growth at 500 C 

Thurmond et a1 [2J have argued that, in terms of bu1 k free 

energies, the phases expected during thermal oxidation of GaAs under 

"weak" conditions are Ga203 and elemental arsenic. The results 

presented here are in general agreement with this prediction. 

Furthermore, any AS203 which might form would be highly volatile 

[14] . 

It is well known that arsenic piles up at the interface [15,16J. 

Wi 1msen et ~ [17J have suggested that the reason for the arseni c 
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accumulation is that arsenic cannot readily diffuse into the substrate 

or to the surface through the Ga203 layer. This view is consistent 

with the results reported here. However, the decomposition voids 

suggest that . arsenic can escape locally, perhaps through 'stt'uctura 1 

imperfections such as cracks or pinholes in the epitaxial Ga203 

film. 

The development of the oxide morphology can be described as 

follows (Fig. 4). In the initial stages of oxidation, Ga203, 

elemental As, and possibly AS203 are formed. Because of the proximity 

of the As to the surface, the arsenic (and any AS203) is largely 

evaporated [18J. Although the Y-Ga203 is epitaxial, there exist 

structural imperfections (eg. pinholes or cracks) which allo\tJ the 

escape of arsenic in the. latter stages of oxidation. Thus, in the 

vicinity of the cracks or pinholes, the reaction is accelerated 

(not limited by arsenic accumulation) resulting in the formation 

of voids at the oxide/GaAs interface. The interfacial regions between 

the structural imperfections do not contain fast diffusion paths 

for arsenic, possibly because of the high degree of lattice 

correspondence between GaAs and y-Ga203. Consequently, as the oxide 

thickens, arsenic is trapped at the interface in the form of hexagonal 

precipitates. The observation that the As precipitates protrude 

into the GaAs substrate (Figs. 1 and 2) suggests that the As 

precipitates are nucleated by locally high losses of Ga in the GaAs 

substrate, resulting in the local collapse of the GaAs lattice. 

ACKNOWLEDGEMENTS 

The authors would like to thank M. Norcott and Drs. O.K. Sadana, 

• 

• 

• 



• 

.. 

• 

-7-

J.M. Zavada and H.A. Jenkinson for supplying the specimens used 

for this study. The technical assistance provided by the National 

Center for Electron Microscopy at Lawrence Berkeley Laboratory, 

Berkeley, CA is also greatly appreciated. The work was supported 

by the Di rector, Offi ce of Energy Research, Offi ce of Bas i c, Energy 

Sciences, Materials Sciences Division of the U.S. Department of 

Energy under Contract No. DE-AC03-76SF00098 . 



-8-

References 

1. B. Schwartz, CRC Crit. Rev. Solid State Sci. 5 (1975) 609. 

2. C.D. Thurmond, G.P. Schwartz, G.W. Kammlott and B. Schwartz, 

J. Electrochem. Soc. 127 (1980) 1366. 

3. C.W. Wilmsen, J. Vac. Sci .. Technol. 19 (1981) 279~ 

4. R. Gronsky, Mat. Res. Soc. Symp. Proc. 31 (1984) l. 

5. T.T. Sheng and C.C. Chang, IEEE Trans. Electron Devices ED-23 

(1976) 53l. 

6. J.C. Bravman and R. Sinclair, J. Electron Microscopy Tech. 1 

(1984) 53. 

7. Powder Diffraction File (JCPDS International Centre for Diffraction 

Data, Swarthmore, Pennsylvania, 1980) 20-426. 

8. H.T. Minden, J. Electrochem. Soc. 109 (1962) 733. 

9. M. Rubenstein, J. Electrochem. Soc. 113 (1966) 540. 

10. A.V. Emelyanov, A.V. Nikitin, V.N. Timofeev, and A.N. Shoken, 

SOY. Phys. Crystallog. 20 (1975) 373. 

11. C.J. Bull and B.J. Sealy, Phi1os. Mag. A 37 (1978) 489. 

12. B.J. Sealy and P.L.F. Hemment, Thin Solid Films 22 (1974) S38. 

13. Powder Diffraction File (JCPDS International Centre for Diffraction 

Data, Swarthmore, Pennsylvania, 1980) 5-0632. 

14. C.W. Wi1msen, Thin Solid Films 39 (1976) 105. 

15. K.H. Zaininger and A.G. Revesz, J. Phys. (Paris) 25 (1964) 208. 

16. G.P. Schwartz, J.E. Griffiths, D. Distenfano, G.J. Gualtieri, 

and B. Schwartz, App1. Phys. Lett. 34 (1979) 742. 

17. C.W. Wi1msen, R.W. Kee and K.M. Geib, J. Vac. Sci. Techno1. 16 

(1979) 1434. 

18. X. Wang, A. Reyes-Mena and D. Lichtman, J. E1ectrochem. Soc. 129 

(1982) 851. 

• 



• 

:"'9:'" 

Figure Captions 

Fig. 1 (a) Cross-sectional micrograph of the thermal oxide/GaAs 
interface. Note the large void resulting from oxidation-enhanced 
decomposition of GaAs. (b) Diffraction pattern from the same 
area showing the epitaxial nature of y - Ga203. " (c) High 
magnification image of ~he region boxed in (a). The white 
bar is parallel to the (012) planes of arsenic . 

Fig. 2. High magnification image of an arsenic precipitate 
in GaAs. Confirmation of the orientation relationship (see 
text) is provided by the optical diffractogram from the same 
area of the negative. 

Fiq. 3. High magnification image of the As/GaAs interface showing 
(012) plane of arsenic terminating in an interfacial misfit 
dislocation. 

Fig. 4. Schematic diagram illustrating the morphological 
development of the thermal oxide (a) Arsenic which results 
from oxidation during early stages is sufficiently close to 
the surface to volatilize. (b) During later stages, significant 
arseni closs can occur only through structural imperfecti ons 
in the thickening y -Ga203 film. Arsenic precipitates are 
nucleated ahead of the oxide/GaAs interface as Ga-depleted 
regions of the substrate collapse. (c) Final interface 
morphology consists of voids and arsenic precipitates. 
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