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ABSTRACT 

The thermal oxidation of GaAs has been studied using in situ 

transmission electron microscopy and secondary ion mass spectroscopy. 

Four different materials, i.e. undoped, chromium, silicon and 

tellurium doped were considered, and their different behavior upon 

oxidation can be explained in terms of dopant redistribution between 

oxide and semiconductor phases. Chromium doped samples resulted in 

the slowest oxidation rate. In all cases, oxidation appears to . 

initially form epitaxial 1-Ga203 and subsequently polycrystalline 

fi-Ga203 while some of the As volatilizes after being oxidized and some 

accumulates at the semiconductor/oxide interface. 



INTRODUCTION 

Oxidation of gallium arsenide is a topic of potential interest to 

the semiconductor industry since (by analogy with silicon oxidation) 

the ability to easily produce homogeneous and uniform oxide layers 

would facilitate the manufacture of devices based on GaAs. 

Three methods of oxidation have been discussed in the literature 

(1-4): plasma, anodic and thermal oxidation. One of the first 

publications to examine the thermal oxidation of GaAs was that of 

Minden (9) and several investigations have followed, using a variety 

of experimental techniques to characterize the phases formed during 

oxidation. The majority of these publications are consistent with the 

following description of the oxidation. 

o 
At low temperatures, i.e. below approximately 400 C, the 

oxidation product is amorphous. Polycrystalline ~-Ga203 forms when 

oxidation is carried out at intermediate temperatures (400
o

C - 700
0

C 

approximately) and a mixture of GaAs0
4 

and ~-Ga203 forms at higher 

temperatures. Recently, questions have been raised about the product 

phase in the intermediate temperature range (8,12); 1-Ga203 having 

been observed along with ~-Ga203 in these studies. 

The fate of arsenic has been disputed. Wilson (4) suggested that 

As may diffuse out through the oxide layer, perhaps through grain 

boundaries, thus explaining the absence of arsenic at the oxide-GaAs 

interface (1,9,11). Other studies found segregation of arsenic at the 

interface but disagreed on whether it would be present in an elemental 

form (12), or as an oxide (13). 
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The present study was concerned with thermal oxidation and this 

report presents some results obtained by in-situ transmission electron 

microscopy. This technique has been used (5-7) to study other 

reactions, but, apart from a preliminary study (8), has not been 

applied to the oxidation of GaAs. Secondary ion mass spectroscopy was 

used to obtain information on in-depth concentration profiles of 

oxidized GaAs. The paper describes experiments using Te doped, Si 

doped, Cr doped and undoped gallium arsenide. No previous work has 

examined the effect of doping elements on the oxidation of GaAs. 

EXPERIMENTAL PROCEDURE 

The in-situ oxidation studies were carried out using the Hitachi 

HU 650 and the KRATOS EM 1500 high voltage transmission electron 

microscopes at Lawrence Berkeley Laboratory. These microscopes are 

equipped with an environmental cell described previously (8). These 

experiments were supplemented with conventional electron microscopy 

where necessary. 

SIMS analyses were carried out at Charles Evans and Associates 

(Redwood City, CA). Oxygen ion bombardment and positive secondary ion 

mass spectrometry was employed to obtain Cr, 0 and As concentration 

profiles in the Cr doped GaAs. Cesium ion bombardment and negative 

secondary ion mass spectrometry were used to profile 0, As and either 

Si or Te in respectively doped samples. The concentration scales are 

based on relative sensitivity factors derived from previously analysis 

of ion implanted GaAs standards. This calibration is accurate to 
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within a factor of two. The 0 and As profiles have been plotted on 

ion intensity scales to serve as markers of the oxide layers, and 

provide no quantitative information. The depth scales for all the 

profiles are calibrated with stylus profilometer measurements of the 

sputtered craters. 

Gallium arsenide specimens were prepared from (100) wafers 

supplied by Hewlett-Packard and Morgan Semiconductor. Four types of 

18 -3 wafers were used in the in-situ experiments: Te doped (2 x 10 cm , 

18 - 3 15 - 3 HP), Si doped (2.2 x 10 cm ,HP), Cr doped (3 x 10 cm ,MS), and 

undoped (MS). For the in-situ experiments, wafers were thinned by 

polishing on emery paper followed by 6Jlm and lJlm diamond pastes. 

Three millimeter disks were cut from polished foil and a dimple made . ; 

on one side. Final thinning to perforation was by a 1% bromine in 

methanol solution. The samples which were analyzed for in-depth 

concentration profiles were oxidized in a quartz tubular furnace at 

atmospheric pressure. Oxygen, direct from a cylinder, was used in 

both cases. 

RESULTS 

Silicon doped GaAs 

o In initial experiments samples were held at 400 C and total 

-5 
pressure below 10 torr to determine whether vaporization at the 

elevated temperatures would be discernible. Although no gross 

vaporization of the samples occurred there was sufficient residual 

oxygen at this low pressure to produce a thin layer of polycrystalline 
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fi-Ga203 covering the original GaAs (Figure 1). The dark spots which 

appeared during the oxidation could not be identified here but results 

described below suggest they are some arsenic compound which is 

produced as a consequence of the oxidation reaction. 

Oxidation experiments were then carried out at. 4000 C and sOOoC, 

both with 10 torr of oxygen. At this pressure, the reaction at 400
0

C 

was fast enough so that enough As
2

0
s 

was formed to be detected in the 

diffraction pattern shown in Figure 2, which indicates also the 

presence of fi-Ga203 and GaAs The oxidation can therefore be 

represented by 

2GaAs + 4°2 fi-Ga203 + As 20
s 

(1) 

As will be discussed below, the phenomena actually involved in the 

oxidation may be more complicated than represented in this simple 
\ 

equation. 

At sOOoC a reaction similar to [1] occurred but epitaxial ~-Ga203 

was also found with a unique orientation relationship with respect to 

the GaAs. This is shown in Figure 3 from which it can be seen that 

[OOl]GaAs II 

(llO)GaAs II 

[001] G ° 
~- a 2 3 

(110) G ° 
~- a 2 3 

This result is in agreement with the one found by Sands et al. (12) 

after oxidation of Si doped GaAs. 

o As 20 s was detected, also at 500 C, in the oxide layer near the 

sample edges. It appears as precipitates in the Ga
2

0
3 

matrix as the 

dark field image in Figure 4 reveals. 
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Two alternative reaction schemes can be suggested for the 

oxidation at SOOoC . 

2GaAs -- polycrystalline f3-Ga203 + As
2

0
S 

t 
[2a] 

I 
-+ polycrystalline -y-Ga

2
03 

2GaAs + 

[2b] 

- - ~ polycrystalline -y-Ga
2
0

3 

In [2b] the f3-Ga203 is formed directly from GaAs whereas in [2a] 

it is formed (at least in part) by transformation of -y-Ga
2

0
3

. 

In-depth concentration profile of oxidized Si doped GaAs (from 

HP) are given in Figure 5 for two oxidation temperatures. Despite the 

impossibility of accurately determining the thickness of the oxide it 

can be estimated from the position of the As peaks, which occurs at 

the semiconductor side of the GaAs/oxide interface. 

Tellurium doped GaAs 

TEM results with this material were virtually identical to those 

obtained from Si doped GaAs when oxidation was carried out at 400
0

C 

and SOOoC. Again an amorphous phase was formed in oxidation at lower 

temperatures (310
o

C), consistent with the results of Bull and Sealy 

(12). The nature of the oxide present could not be determined 
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unambiguously because all the polymorphs of gallium oxide and arsenic 

oxide have intense lines with d-spacings lying within the broad 

amorphous rings of the electron diffraction pattern. 

SIMS results are shown in Figure 6 and a comparison between 

Figures 5 and 6 indicate that the oxide thickness is smaller in the 

oxidation of Te doped material. In the Te case, the dopant tends to 

accumulate in the oxide, with its concentration increasing up to an 

order of magnitude with respect to the original GaAs. 

Undoped GaAs 

o Oxidation of undoped gallium arsenide at 400 C and 10 torr oxygen 

press~re resulted in the formation of very little p-Ga203 and an 

amorphous oxide. Such amorphous product was not detected during the 

oxidation of Si doped and Te doped GaAs under these conditions.' 

At SOOoC and 10 torr of oxygen (Figure 7), reaction yields 

products according to [2a] or [2b]. The dark precipitates in the 

oxide layer, particularly in the vicinity of the oxide-semiconductor 

interface, are found to be As
2
0

S 
from the diffraction pattern. 

In-situ TEM indicates a substantially faster oxidation at 6000 C 

(Figure 8), the reaction proceeding via formation of ~-Ga203 and 

p-Ga20 3 with small amounts of As
2

0
S

' 

Chromium doped GaAs 

Oxidation of chromium doped gallium arsenide proceeded 

differently from the oxidation of the materials described above. 

Formation of gallium oxides followed the routes of [2a] and [2b] 

described earlier but, instead of the production of As 20S alone, a 
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combination of As
2
0

S
' As

2
0

3 
and As was obtained depending on the 

oxidation conditions. 

Figure 9, obtained at sOOoC and 20 torr of oxygen, shows As 20 3 

mixed with epitaxial ~-Ga203 and some polycrystalline ~-Ga203 produced 

after 80 minutes of oxidation. The As
2

0
3 

appears as the bright areas 

in the dark field image of Figure 9. Figure 10 shows another region 

of the same specimen where arsenic is present as As
2
0

s
' Crystalline 

arsenic was also found in this same example (Figure 11). 

Oxidation at 6000 C and 20 torr of oxygen also resulted in a 

mixture of ~- and ~-Ga203 as well as AS 20S ' As203 and precipitates of 

As at the semiconductor-oxide interface (Figure 12). In contrast to a 

previous investigation (13) which used lattice imaging, a unique 

orientation between hexagonal As and GaAs was not found. Large As 

precipitates were identified with at least two different orientation 

relationships with the matrix. 

SIMS results for the chromium doped GaAs oxidized at sOOoC and 

600
0

C and 1 atm oxygen are shown in Figure 13. Comparing Figures 5, 

6, and 13 one notices that the chromium doped samples were the ones to 

produce the thinnest oxide layer. Chromium also has a tendency to 

migrate toward the outermost oxide layer during oxidation. Chromium 

concentration was not uniform in the wafers even prior to oxidation; 

it showed a remarkable increase at the free surface. One could think 

this effect arose from the technique used to analyze the samples, but 

the results of the oxidized samples showed that this was not the case. 
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In fact the chromium rich region increased with the oxidation time and 

temperature as Figures 13b and 13c show. 

DISCUSSION 

Not much difference was found between the behavior of the 

undoped, silicon doped and tellurium doped gallium arsenide regarding 

the nature of the product phases. The oxide layer however is thicker 

in the Si doped than in the Te doped GaAs. No thickness estimate is 

available for the undoped material. 

Oxidation of Cr doped GaAs yielded products which have not been 

detected in the other cases and a much thinner oxide layer, i.e. about 

5 times smaller than the oxide of Te doped GaAs or 10 times smaller 

than the one of Si GaAs. Table I summarizes the similarities and 

differences between the behavior of the four types of GaAs. Previous 

investigations of GaAs oxidation have neglected the effect of doping 

elements and this may be a reason for the discrepancy between some 

reported results. 

Regarding the arsenic product phases, no previous investigation 

has reported the formation of As
2

0
S

' A pseudo ternary diagram (16) 

for the system Ga-As-O, determined at low temperatures, fails to 

predict AS 20
S

' 

Free energies of several reactions that might occur during the 

oxidation process are presented in Table II. These values were 

calculated from data available in the literature (17). The table also 

contains the calculated oxygen pressures at equilibrium for each 
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reaction. These calculations were carried out assuming that the other 

species in the reaction were present at unit activity. One can notice 

that the oxygen pressures used in this investigation are sufficient to 

bring about complete oxidation of GaAs to Ga
2

0
3 

and As
2

0
5 

if kinetics 

allows. The appearance of lower oxides or elemental arsenic is 

therefore due to either: 

[i) kinetic effects due to depletion of one or more of the reactants 

or 

[ii) reactions [6) and [7) in those regions where GaAs is in contact 

with an oxide and the oxygen pressure is low. 

Both hypotheses shou~d lead to a structure that is more highly 

oxidized at exterior surfaces, which is consistent with experimental 

observations. 

The mechanism governing the thermal oxidation of gallium arsenide 

is still unclear. Wilsen (20) believed that the reaction at the 

semiconductor/oxide interface plays an important role and the breakage 

of GaAs bonds is the rate determining step. However, since the 

diffusing species are not known (0, Ga or As) the complete model for 

growth remains uncertain. Sugano (25) deduced that the rate limiting 

step below 700
0

C is the migration of 0. In this case accumulation of 

As at the interface is caused by preferential oxidation of Ga as Table 

II suggests. 

In spite of the dispute regarding the correct oxidation 

mechanism, some kinetic studies of the reaction have been made (4,21). 

Butcher and Sealy (4) used Rutherford backscattering spectroscopy to 
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conclude that oxidation follows a parabolic law at low oxide thickness 

and becomes linear as the oxide thickens. Earlier, Murarka (21) had 

found only a linear regime. The physical models proposed to explain 

these kinetic results (e.g. diffusion through oxide grain boundaries 

or diffusion through the oxide layer), as formulated, do not have a 

strong dependence on the dopant element, and therefore do not explain 

the results presented here. 

An analysis of the oxide characteristics sheds some light on the 

problem allowing an improvement in the understanding of the process. 

Ga203 is an n-type oxide (22,23) with free carriers apparently due to 

anion vacancies (22). Thus the overall oxidation reaction can be 

broken into: 

1/2 02 (g) + 2 e 

at the oxide/oxygen interface and 

GaAs ------+ + 

° X 

° 
+ 6e 

at th~ oxide/GaAs interface. Here the Kroger notation for point 

defects is used. In order for the oxide film to grow, the positive 

ions and electrons must migrate to the oxide/oxygen interface. Since 

the dopant levels in the oxidized GaAs are so small it is most likely 

that their effect results from altering the conductivity of th~ oxide 

rather than its chemical properties. Additions of substitutional Si 

or Te to Ga
2

0
3 

result in an increase of the conductivity because of 

the increase in electron concentration according to Hauffe's rule 

(24). The effect of chromium however is not as straightforward. 

B . G 3+. 1 . . ff b l' d h e1ng a a 1sova ent 10n 1ts e ect cannot e exp a1ne on t e same 
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basis. Chromium is a transition metal and even as cr3+ still has an 

incomplete d-she11. Thus it may result in electron traps which reduce 

the conduction electron concentration and consequently the 

conductivity. Another possible explanation for the decreased kinetics 

of the Cr doped samples is the fact that Cr enrichment at the surface 

may increase the impermeability of the oxide layer, due to chromium 

oxide formation. No such oxide was detected in this investigation. 

Another observation to be discussed is the effective decrease of 

the oxide thickness with increasing temperature as noticed from the 

SIMS in-depth oxygen profiles. It can be attributed to the 

vaporization of As or its oxides which becomes much greater at higher 

temperatures. Thus an increase in the oxidation rate does not 

necessarily correspond to an increase in oxide thickness/ Figures 5, 

6 and l3c show that oxidation of the Si doped, Te doped and a very 

long oxidation of the Cr doped GaAs in fact resulted in substantial 

loss of arsenic in the oxide. For the short term oxidation at 5000 C 

of Cr doped GaAs such depletion is not evident (Figure 13a and 13b). 

CONCLUSIONS 

Thermal oxidation of undoped and chromium, tellurium and silicon 

doped GaAs was studied using in-situ transmission electron microscopy 

and secondary ion mass spectroscopy. The sequential formation of 

~-Ga203 with intermediate po1ycrysta11ine and epitaxial ~-Ga203 was 

confirmed for all dopants at an intermediate oxidation temperature 

o 0 (between 450 C and 600 C). Within this temperature range, the upper 
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limit favors a more homogeneous oxide layer due to As loss. SIMS 

in-depth concentration profiles indicate that under these conditions a 

more abrupt oxide/semiconductor interface is formed. At temperatures 

below 4000 C an amorphous oxide layer is formed which is probably a 

mixture of arsenic and gallium oxides. 

The results described here support the overall idea that Ga is 

preferentially oxidized while As is rejected ahead of the interface 

(Figure 5, 6 and 13) so that it accumulates to a point where it starts 

to either precipitate, oxidize or both. Due to their high vapor 

pressures, arsenic oxides readily volatilize. 

Although there is still some uncertainty concerning the overall 

mechanism of oxidation and the rate determining step, the observed 

effect of doping elements on the process highlights the importance of 

electron transport through the oxide. 
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FIGURE CAPTIONS 

Figure 1: In-situ thermal annealing of Si doped GaAs at 400°C. Total 

-5 
pressure below 10 T. Annealing times are given in minutes at the top 

of each pressure. ~-Ga203 was detected after about 30 min. 

Figure 2: GaAs:Si oxidized at 400°C, PO - lOT for 60 minutes. 
2 

Bright field (BF) and dark field (DF) images are shown with the 

diffraction pattern obtained from the center of the picture. Arrow in 

DP shows the reflection used to obtain DF image. Rings are As
2

0s 
reflections superimposed on ~-Ga203 and spots are GaAs with zone axis 

<100>. 

Figure 3: Diffraction pattern of Si doped GaAs after being oxidized 

for 15 min. at 500°C in lOT 02' It shows a unique relationship 

established between GaAs and ~-Ga203' 

Figure 4: Si doped GaAs oxidized at 500°C, Po - lOT for 45 min. 
2 

Dark field imaged with As
2
0

5 
indicated. Bright areas in DF highlight 

the As 20s crystals. 

Figure 5: SIMS in-depth profile of Si doped GaAs oxidized for 2 hrs 

at 1 atm 02 and a) 500°C b) 600°C. 

Figure 6: SIMS in-depth profile of Te doped GaAs oxidized for 2 hrs 

at 1 atm 02 and a) 500°C b) 600°C. 

Figure 7: In-situ thermal oxidation of undoped GaAs at 500°C and lOT 

02' Times are given in minutes at the top left side of each bright 

field image. Diffraction patterns with arrows show the regions 

wherefrom they were obtained. An epitaxial relationship between GaAs 

and ~-Ga203 is noted in DP at 20 min and the rings of As 205 are 

detected in DP at 55 min. 
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Figure 8: In-situ thermal oxidation of undoped GaAs at 6000 C and lOT 

02' Times in minutes are given on the top right side of each picture. 

Figure 9: Cr doped GaAs oxidized at SOOOC, Po - 20T for 4S min. The 
2 

oxide layer near the edge of the sample consists of epitaxial ~-Ga203 

and As 20 3 as the DP shows. The DF was obtained with a As 20 3 

reflection indicated by the arrow. 

Figure 10: Another area of same specimen shown in Figure 9. Complete 

oxidation occurred here to ~-Ga203 and very little As 20S ' 

Figure 11: Elemental As (hex.) found at the oxide/GaAs interface 

after oxidation at SOOOC and 20T of Cr doped GaAs. 

Figure 12: Cr doped GaAs oxidized at 6000 C and 20T 02 for 10 min. 

Diffraction pattern of the lettered areas are provided for 

identification of the prevailing phases. 

Figure 13: SIMS in depth profile of Cr doped gallium arsenide 

o 0 oxidized at 1 atm 02 and a) SOO C for 20 min; b) SOO C for 2 hrs; c) 

6000 C for 24 hrs. 
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Material 

GaAs, 
GaAs:Si, 
GaAs:Te 

GaAs:Cr 

TABLE I 

Summary of Experimental Observations 

Temperature 

17 

Reaction Products 

amorphous oxides 

poly x-tal ~-Ga 03 
+ amorphous oxi~es 

poly x-tal ~-Ga203' 
-y-Ga

2
0

3
, As

2
0

S 

amorphous oxide 

poly x-tal ~-Ga203 + 
amorphous oxide 



TABLE II 

Free energy of reaction (kJ) 

and equilibrium partial oxygen pressure, where applicable (Torr) 

Reaction 

-1325 -1245 - 1166 

-1212 -1157 -1103 

- 735 - 702 - 672 

- 259 - 246 - 242 

- 382 - 377 - 377 

- 873 - 894 - 915 
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