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ABSTRACT 

Wet oxidation of high-Al-content AlGaAs semiconductor layers in vertical cavity surface 
emitting lasers (VCSELs) has produced devices with record low threshold currents and voltages 
and with wall-plug efficiencies greater than 50%. Wet oxidation of buried AlGaAs layers has 
been employed to reduce the problems associated with substrate current leakage in GaAs-on- 
insulator (GOI) MESFETs. Wet oxidation has also been considered as a route to the long-sought 
goal of a III-V MIS technology. To continue improving device designs for even higher 
performance and to establish a truly manufacturable technology based on wet oxidation, the 
effect of oxidation of a given layer on the properties of the entire device structure must be 
understood. The oxidation of a given layer can strongly affect the electrical and chemical 
properties of adjacent layers. Many of these effects are derived from the production of large 
amounts of elemental As during the oxidation reaction, the resultant generation of point defects, 
and the diffusion of these defects into adjacent regions. This can modify the chemical and 
electrical properties of these regions in ways that can impact device design, fabrication, and 
performance. Current understanding of the problem is discussed here 

INTRODUCTION 

Wet oxidation of AlGaAs with A1 mole fractions in excess of 85% is an enabling 
technology for high-efficiency vertical cavity surface emitting lasers (VCSELs) [I]. Threshold 
currents below 10 pA and threshold voltages only 50 meV above the emitted photon energy have 
been obtained [2]  and greater than 50% wall-plug efficiency can be routinely achieved [3].  Oxide 
layers generated by heating in a H2O-saturated N:! ambient have been employed in gallium- 
arsenide-on-insulator (GOT) metal semiconductor field effect transistors (MESFETs) [4] and 
metal-insulator-semiconductor field effect transistors (MISFEiTs) [ 5 ] .  To date, such applications 
have been largely restricted to laboratory demonstrations. For such devices to achieve 
widespread commercial availability, the many factors that influence the extent of oxidation in a 
particular device and the influence of wet oxidation on relevant device properties must be 
understood. Oxidation rates depend to first order on A1 mole fraction, but this dependence can be 
markedly changed by the details of a particular structure, including layer thickness and the 
composition of adjacent layers. The generation of elemental As during the oxidation process can 
produce significant changes in the chemical, electronic, and optical properties of devices. 
Important considerations derived from the chemical processes involved and their effect on 
important device parameters are discussed here. 

EXPERIMENT 

Two different sample geometries have been employed in our study: lateral and surface 
oxidation. Before lateral wet oxidation of A1-111-V heterostructures, the Al-containing layer is 
exposed by etching a mesa structure to permit direct access of water vapor to the layer to be 
oxidized. Wet oxidation is typically performed with a water-saturated nitrogen stream flowing 
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As and a-AszO3 while the intensity of the AlAs-like phonon steadily decreases as the AlGaAs is 
converted to oxide [ 101. The presence of both As203 and As intermediates in the wet oxidation 
process can be explained as follows. 

Water has been observed to adsorb dissociatively on AlAs to produce A1-0, AI-OH, and 
As-H type species on the AlAs surface [ 111. Literature values for the thermodynamic quantities 
of these surface species are unavailable so we have chosen to model the process using molecular 
analogs [ 121. This leads to the possible initial reaction products described by Eqn. l a  and lb. 

2 AlAs + 3 H20(,) =A1203 + 2  ASH^ 

2 AlAs + 4 H2O(g3 =2 AlO(0H) + 2  ASH^ 

2  ASH^ = 2 AS + 3 H2 

2  ASH^ + 3 H2O = AS203 + 6 H2 

AS2030) + 3 H2 = 2 AS + 3 H20(,) 

2 AlAs + 3 H20(,) = A1203 + 2 AS + 3 H2 

(la) 

(1b) \ 

(2) 

(3) 

(4) 

(54  

2 AlAs + 4 H2O(d = 2 AlO(0H) + 2 AS + 3 H2 

2 AIO(0H) = A1203 + H20 

(5b) 

(6)  

It is likely that both AlO(0H) and A1203 are present during the initial phases of 
oxidation. SIMs measurements have shown significant amounts of hydrogen to be present after 
A1 s G a , ~ A s  has been oxidized at 450 "C [13]. Formation of both AlO(0H) (boehmite) and 
A1203 (y-alumina) are highly favored at typical oxidation temperatures. Conversion of boehmite 
to y-alumina is favored above 176 "C. The mixed character of the AI-oxide can explain the less- 
than-expected shrinkage that occurs upon oxidation. If one wishes to minimize stress in an 
oxidized structure, conditions that minimize total dehydration may be desirable. Although the 
water-rich ambient probably retards the AlO(OH)-to-A1203 conversion during the wet oxidation 
process, crystallites of y-alumina are more prominent farther back from the oxidation front under 
some oxidation conditions and voids appear at the oxide/semiconductor interfaces that are 
parallel to the sample surface [ 141. Extended oxidation times of surface-oxidized samples can 
produce crystallization and delamination of 2-pm films of oxidized Al0.98Gao.02As [7], 
presumably due to increased film shrinkage as it becomes more extensively dehydrated. 

At 425"C, As-H can decompose directly to give As and H2, as suggested by the Raman 
spectra (Eqn. 2). As-H can also react with water to produce As203, but the free energy change is 
quite small (Eqn. 3), e.g., 22 kJ/mole at 425 "C. It is likely that the observed As203 results from 
the combination of reactions like Eqns. la, lb, and 3. Both AsH3 and As203 can be readily 
converted to elemental As for removal from the reacting layer (Eqns. 2 and 4), finally resulting 
in a porous Al-oxide layer, as described by Eqns. 5a and 5b. Gibbs free energies for Eqns. la-6 
at 425 "C are -451, -404, -153, -22, -131-, -604, -557, and -35 kJ/mole, respectively. 

This is manifested in the temperature dependence of the As203-associated peaks in Fig. 1. At 
temperatures of 425 "C and below, any As203 is present below the Raman detection limit. 

I 

The relative importance of Eqns. 3 + 4 vs. Eqn. 2 appears to be temperature dependent. 



depencence at 5 16 "C, and a mixed lineadparabolic dependence at intermediate temperatures 
[18]. Yet another study of AlAs has shown linear dependence at T 5 350 "C and parabolic 
behavior at T 2 375 "C [19]. 

The apparent shift between reaction-rate-limited and diffusion-limited regimes can be 
explained by the relative importance of the As203 intermediate in the process, as illustrated in 
Fig. 2. Partially oxidized planar AlGaAs structures always show strong As-associated Raman 
peaks due to the production of a significant amount of elemental As during the oxidation process. 
Only at higher reaction temperatures are significant amounts of As203 detected. Below a certain 
temperature (e.g., 425 "C for Alo&~.o2As), very little, if any, As203 is present near the 
oxidation front. Arsenic loss under these conditions leaves a porous Al-oxide region that does 
not impede reactant or product transport to the oxidation front. Hence, the linear time 
dependence characteristic of a reaction-rate-limited process is obtained. During the 450 "C 
oxidation of a 2-pm layer of Alo.@a0.02As , As203 formation (Eqn. 3) is approximately balanced 
by the subsequent reduction to elemental As (Eqn. 4) so a progressively thickening dense oxide 
layer does not form. As long as the dense As2Os-containing region at the oxidation front does not 
appreciably increase in thickness as the oxidation proceeds to the desired depth (typically e50 
pm in device structures), the observed time dependence will remain linear. This is the most 
desirable condition for device fabrication since the linear time dependence facilitates more 
precise control of the final depth of an oxidized layer. If the importance of As203 formation 
increases relative to its reduction to As, a progressively thickening dense oxide will form at the 
oxidation front and the time dependence will shift toward parabolic. The existence of a thin, 
dense, amorphous region of a few nanometers thickness has been observed at the oxidation front 
by transmission electron microscopy (TEM) [20]. Behind this dense region is a less dense region 
of amorphous Al-oxide that extends back to the exposed mesa edge. 
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Fig. 3. Temperature dependence of d(AG/DT) for Eqns. 2-4. 

The transition from reaction-limited (linear) to diffusion-limited (parabolic) behavior for 
a particular AlGaAs composition will depend on the relative temperature dependencies of Eqns. 
1 a-5b. For AlAs, increasing temperature causes the linear-to-parabolic shift [ 18,191. Calculation 
of the temperature-dependent change in the Gibbs free energy, dAG/dT (Fig. 3) shows that the 
favorability of As203 formation increases with increasing temperature while the favorability of 
its subsequent reduction decreases. This is consistent with the increase in the As203 Raman 



The oxidation rate of a lower-Al-content layer can be appreciably increased when it is in 
close proximity to a faster-oxidizing layer. The effect of such close-proximity faster-oxidizing 
layers [lo] is shown in Fig.5 for 45-nm layers of undoped Alo.94Ga0osAs separated from 45-nm 
layers of undoped Al0.98Ga002As by thin layers of undoped GaAs (0.7, 1.5,3,6,9, and 12 nm) 
oxidized at 400 "C for 90 min. Although no enhancement of the reaction of the Al0.94Ga&~ 
layer is observed after this reaction time with 9 and 12 nm barriers, there are progressively 
greater enhancements of the oxidation of the A l o . ~ ~ G a ~ o ~ A s  layers that are separated for the 
already oxidized Alo.9sGa.02As by 6, 3, 1.5, and 0.7 nm GaAs layers. All Alo.94Ga006As layers 
exhibit rate enhancements at longer reaction times. The oxidation of the Alo.94Ga0~As layers can 
be modeled as the sum of the unenhanced rate plus a contribution derived from the diffusion of 
something into the layer from the already oxidized adjacent layers [22]. The activation energy 
for some reaction-enhancing species diffusing through the barrier and the diffusion constant are 
consistent with those reported for column III vacancies [23]. The close-proximity enhancement 
can also be significant in the absence of barriers. Structures with graded compositions result in 
profiles that show appreciably deeper oxidation than expected from compositional effects alone 
[24]. This proximity enhancement is especially important since compositional grading is used to 
fabricate tapered oxide current apertures for optimum VCSEL performance [6,25] and to 
minimize stresses in the oxidized devices. 

450-A A10.98Gao.02As 
La 

Fig 5. Cross sectional SEM of a partially oxidized (400 "C, 90 min) sample of alternating 450 
layers of Alo.98Ga002As and Alo.&a006As separated by GaAs barriers with thicknesses 

varying from 120 A near the substrate to 7 near the surface. Dark regions are oxide, light 
regions are unoxidized. 

One indication of the formation of large quantities of point defects during wet oxidation 
is the appearance of As precipitates quite remote from the original oxidation. Such As 
precipitates have been observed widely dispersed through the adjoining layers and even 
segregated at the GaAs surface of a wet-oxidized sample [26]. Precipitates have also been 
reported in the InGaAs channel of a GO1 MESFET that had a 10 nm A10.25Ga075As layer 
interposed between the channel and the oxidized layer [27]. 

changes that are typically seen in the presence of excessive numbers of point defects, The 
photoluminescence is decreased for quantum wells (QWs) situated 20 and 40 nm from oxidized 

The photoluminescence from quantum wells that are near wet-oxidized regions exhibits 
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