
DEC 051995 . 
Localized Corrosion of GaAs Surfaces and For at'on of Porous GaAs b$al 

P. Schmuki, J. Fraser+, C.M. Vitus, M.J. Graham+, H.S. Isaacs 
Materials Science Division, Department of Applied Science, Brookhaven National Lab., 
Upton, NY 11973, USA 
+Institute for Microstructural Sciences, National Research Council of Canada, Ottawa, 
Ontario, Canada, KIA OR6 

Abstract 

The present work deals with pitting corrosion of p- and n-type GaAs (100). Pit 
growth can be electrochemically initiated on both conduction types in chloride- 
containing solutions and leads after extended periods of time to the formation of a 
porous GaAs structure. In the case of p-type material, localized corrosion is only 
observed if a passivating.film is present on the surface, otherwise - e.g. in acidic 
solutions - the material suffers from a uniform attack (electropolishing) which is 
independent of the anion present. In contrast, pitting corrosion of n-type material 
can be triggered independent of the presence of an oxide fh. This is explained in 
terms of the different current limiting factor for the differently doped materials 
(oxide film in the case of the p- and a space charge layer in the case of the n-GaAs). 
The porous structure was characterized by SEM, EDX and AES, and consists 
mainly of GaAs. From scratch experiments it is clear that the pit initiation process is 
strongly influenced by surface defects. For n-type material, AFM investigations 
show that light induced roughening of the order of several hundred nm occurs 
under non-passivating conditions. This nm-scale roughening however does not 
affect the pitting process. 

. 

Introduction 

In recent years the localized dissolution of semiconductors has generated a great deal of 
interest as a result of the discovery of light emitting porous silicon and its large number of 
potential applications. Because the majority of work has been focused on the light emission 
process e.g. (1,2), the mechanism and cause of the localized nature of the pore formation 
process as well as the factors affecting it are still poorly understood (3-15). This is even 
more true for other technically relevant semiconductors such as GaAs (16). 

In the case of silicon the formation of pores resembles localized (pitting) corrosion of 
metals and alloys which has been extensively studied for many years as its Occurrence often 
determines the lifetime of metallic structural materials in practical applications. Numerous 
studies have produced an in-depth knowledge of the factors influencing pit initiation and 
growth (17,18). 

While pit initiation on industrial metals can often be ascribed to the presence of 
inclusions or grain boundaries, this cause is unlikely for high purity single crystal wafer 
surfaces used in contemporary semiconductor technology. Therefore it is of basic 
mechanistic interest to compare similarities and differences in the process of localized 
corrosion between metallic and semiconductor substrates. The present study is focused on 
GaAs. Despite its applications in optoelectronic devices and a wide range of investigations 
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regarding its anodic passivation behaviour, electrochemical work related to pitting is rarely 
found in the literature. 

Experimental 

The materials studied were n- and p-type GaAs (100) wafers doped with l.1017 cm-3 Si 
(n-type) and 9.1017 Zn (p-type), respectively. Prior to each experiment the samples 
were degreased by successively sonicating in acetone, isopropanol and methanol and 
rinsing with distilled water. A subsequent etch in l%HF for 1 min removed the air formed 
oxide film (19). Back contact to the GaAs was established by smearing MGa onto the 
samples. After cleaning, the samples were pressed against an O-ring in an electrochemical 
cell leaving 0.785 cm2 exposed to the electrolyte or alternatively by immersing the bottom 
half of a sample (held by a copper clip on a dot of IdGa) into the electrolyte. Studies were 
carried out in 0.1M HCI, 0.1M H2S04 and 0.3M NH4H2P04 buffer pH 4.4, electrolytes. 
When desired NaCl was added to the electrolytes to establish a fured C1- concentration. The 
above electrolytes were selected because according to the Pourbaix-diagrams of GaAs (14, 
15), both Ga203 and Asz@ are soluble in highly acidic and alkaline solutions. Therefore in 
the acidic solutions, oxide films are not stable, whereas in the phosphate buffer, stable 
oxide films can be grown (19). All solutions were prepared from analytical grade chemicals 
and deionized water. 

The electrochemical cell consisted of a conventional 3-electrode configuration with a 
platinum gauze as a counter electrode and a Haber-Luggin capillary with a saturated calomel 
electrode (SCE) as a reference electrode. For polarization curves and potential step 
experiments, an EG&G 173 potentiostat was used. The polarization curves were carried 
out at a r a e  of 10 mV every 2 sec. Unless otherwise stated, all electrochemical experiments 
were carried out in the dark. 

SEM micrographs were acquired using a JEOL 840A SEM equipped with a Link 
ANloooO EDX and a Digiscan Image acquisition archiving system. All images were 
acquired as 640 x 480 pixels. Images were corrected for contrast and brightness utilizing 
Image Pro Plus image analysis software. The Energy Dispersive X-ray analysis was 
performed semiquantitatively in the spot mode, a difference in peak height representing a 
change in elemental concentration. Each feature was analyzed 5 times. The relative average 
elemental concentration was compated for each featwe. 

Morphological images were acquired using either the contact or tapping mode of a 
Digital Instruments Nanoscope IU atomic force microscope (AFM). Under contact mode 
conditions, smearing of the sample was minimized by low force cantilevers. Tips used 
during tapping mode experiments had a manufacturer's resonance frequency between 290 
and 422 kHz. Electrochemical AFM was performed using a glass fluid cell with ports for 
the reference and counter electrodes. The reference electrode consisted of a silver wire 
coated with AgCl (approx. 0.225V vs. NHE). The counter electrode was a bright Pt wire. 
Using manufacturer's software, images presented have been treated with a second order 
flattening routine and the root mean square (RMS) surface roughness has been computed. 

Measurements of Auger electron spectroscopy (AES) sputter depth profiles were 
performed in a Physical Electronics (PHI) model 650 system using a 1 keV Argon ion 
beam and sputtering at 60" off normal. The peaks analyzed were Ga (1070 ev), As (1228 
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eV), 0 (510 eV) and Cl(180 eV). All data was evaluated using PHI sensitivity factors 
except for Ga and As. In this case a clean GaAs sample was sputtered and the sensitivity 
factors adjusted to S h =  0.16 and S G ~ =  0.089 which resulted in a 1:l ratio of the atomic 
concentrations. 

Results and Discussion 

Fig. 1 shows polarization curves for p-GaAs and n-GaAs in 0.1M H2SO4 and 0.1M 
HCI as well as in 0.3M m H 2 P O 4  buffer solution with different chloride concentrations. 
Ii is clcar that the p- and n-type materials behave quite differently. In the case of p-type 
substraws in acidic solutions (Fig. la), the current in the anodic direction rises rapidly to 
wry high values and clearIy no passivation takes place. Neither the appearance of the 
surfacc nor the polarization curve is influenced by the type of anion present in the acidic 
clcc.cuolyic. A microscopic investigation of samples after the experiments shows that the 
surfacc is covered with a crystalline surface layer. After dissolving the layer a uniformly 
smooth surface was observed. It is therefore clear that for the p-type material, 
elwroplihing took place without any local preferential attack. 
In conuast, for the n-material, the current remains low over a wide potential range in the 
H2SO4 solution (Fig. lb). However, the presence of chloride causes a significant change 
in h c  polarization behaviour. As soon as a critical potential (pitting potential) is reached, a 
simp current increase occurs and simultaneously the formation of pits on the surface is 
visually observed. Polarization of the sample for longer times above the pitting potential 
h d s  to complete coverage of the exposed area by a black porous layer. 

In contrast to the acidic solutions, passivation of ptype GaAs can take place in 
phosphate buffer, since stable oxide films can be formed in this solution (19,20) and a 
distinct activdpassive-transition can be observed (Fig. IC). In this case, the anodic 
polarization behavior becomes strongly dependent on the presence of chloride in the 
clecuolyte. With an addition of chloride, the passive range is limited by a sudden current 
incrcase at a critical potential where pit formation is observed. The pitting potential is 
shifted to lower values with increasing Cl--content. For the n-material in phosphate-buffer 
(Fig. 1 d), the polarization behavior is very similar to that in acidic solutions. Again, similar 
to p-material, an increase in C1--concentration leads to a decrease of the pitting potential. 

In order to explain these findings, the behavior of different conduction type materials 
under anodic bias is considered. This is schematically illustrated in Fig. 2. In the case of 
the n-material, depletion conditions are established, Le. electron transfer with the surface is 
limited by tunneling through the depletion layer (Schottky barrier) or by carriers that 
overcome the barrier by thermal activation. This usually severely limits cumnt flow. In the 
case of the p-material under anodic bias, an accumulation of charge carriers takes place at 
the surface. Hence, charge transfer is usually not limited by conduction process within the 
semiconductor. Therefore in the case of the n-material the current Limiting factor is the 
space charge layer, whereas in the case of the p-material the c m n t  limiting factor is either 
the Helmholtz layer or if passivation occurs, the oxide fh. In order to oxidize GaAs 
according to equation (l), a sufficient concentration of holes has to be provided at the 
surface. The oxidized species can either dissolve or form a passive film, depending on the 
environment. 



GaAs + 6h+ --> Ga3+ + A$+ 
The different behavior of n- and p-type GaAs during polarization in different solutions 

can therefore be explained by a different current limiting factor depending on the 
conduction type. If there is no current limitation within the semiconductor, such as p-type 
material in acidic solution, general corrosion due to electropolishing takes place. If the 
current is limited either by an oxide film or by the space charge region, localized attack can 
take place in chloride-containing solutions. 

Further support to the finding that the oxide film on the n-material is not current 
limiting, is obtained from pre-passivation experiments. For this, a film of 120 8, thickness 
was grown on n-type GaAs sample by polarizing a sample under illumination at 4V for 5 
min in chloride-free NHqH2POq-buffer. The thickness of the layer was determined as 
described previously (19) from XPS data. After film formation, chlorides were added to 
establish a concentration of 1M C1- and a polarization curve was acquired. In Fig. 3 the 
result of this experiment is compared with a polarization curve of what may be considered 
an oxide-free surface. These surfaces show <88, oxide layer in XPS which can be 
attributed to sample transfer in air (19). Nonetheless, the fact that the plateau range in the 
polarization curve of the pre-passivated sample is not significantly lower clearly indicates 
that the oxide film is not current limiting. Even more interesting, the same pitting potential 
is observed in both cases. 

Further evidence which questions the importance of the oxide frlm is the fact that in the 
~ ~ P 0 ~ - s o l u t i o n ,  pitting of the p-material occurs at potentials far more negative than for 
the n-material (Fig. lc,d). In the region of the pitting potential of the p-material (approx. 
1V SCE) an oxide layer of 60 thickness is present (19), whereas at the Same potential an 
"oxide-free" surface is present on the n-material(20). Since the oxide layer on both type 
materials is of a similar composition and quality, it would be expected that the thicker layer 
affords a higher protectiveness. Clearly, this is not the case, and hence a different factor, 
i.e. the space charge layer, must also control the pitting resistance of the n-material. 

Therefore it can be concluded that the presence of an oxide film is not of a great 
significance with respect to pit initiation and growth on n-material, and that models which 
assign a rate determining role to the transport properties of C1- or defects in the oxide f h  
cannot be applied in this case. 

SEMc . .  haractenzabon 

Fig. 4 shows a series of SEM micrographs of evolving pits on the (100) surface on n- 
GaAs and their detailed morphology. In Fig. 4a the sample was polarized in 0.1M HCl for 
5 min at 3V which is within the range of the pitting potential. Under these conditions only 
a few pits can be observed on the surface. Fig. 4b shows a higher magnification of one of 
the pits. Apparently the attack is initiated at a center from which it spreads out across the 
surface. Also some crystallites can be Seen which can be removed by sonicating the sample 
in water and it becomes apparent that these crystals cover additional pits. Fig. 4c shows an 
SEM image of a sample exposed to 0.1M HCl at 6V SCE for 5 min, i.e. well above the 
pitting potential. The attacked region covers a considerable amount of surface area and 
consists of a porous structure. A typical image at higher magnification is shown.inFig. 4d. 



Exposure of the sample for longer times above the pitting potential leads to .complete 
conversion of the surface to a porous structure. Cross-sectional SEM images reveal a 
needle like appearance (Fig. 4e). Typically these needles are topped with a layer of 
crystallites. Higher magnification of the needle-like structure (Fig. 4f) yields a 
representative feature size in the sub-pm range. 

From the SEM results, it is evident that a preferential attack perpendicular to the (100) 
direction takes place, i.e. along cO11>. This is in agreement with work on 
photoelectrochemical etching of n-InP( lo), which also shows preferential etching along 
the c 0 1 b  axis (21). Angle measurements of the remnant needle-like structure are in quite 
good agreement with { 11 1 } planes being exposed. This is consistent with chemical etch 
experiments which show that { 11 1 } planes are usually etch stop planes, i.e. have the 
lowest reactivity with respect to chemical dissolution (22-24). 

Different reactivity of the different planes is the most likely reason for the preferential 
attack leading to the formation of the porous structure. From the polarization results it is 
evident that this process can nevertheless only take place when activation (kinetic) control 
of dissolution is present since mass transfer control would lead to a uniform etch behavior. 

Compos itmn of the Dorous structuE 

In order to obtain information on the composition of the porous structure, particularly to 
determine if selective dissolution took place, A E S  sputter profiles were acquired on a 
heavily attacked region of the sample (shown in Fig. 4c) and compared with an AES profile 
of a clean GaAs sample (Fig. 5). The profde at the end of the experiment is still in the 
region of the porous structure and thus it is clear that most of the porous structure shows a 
Ga:As ratio close to 1:1, except for a region near to the outer surface. In this region an 
enrichment of As is observed. The finding of an increased C1 concentration in the same 
region suggests that an arsenic chloride salt layer may be present on the surface. 

Similar results are obtained from EDX investigation of features seen in Fig. 4e. If the 
EDX analysis is performed on the top crystallite structure, a AdGa ratio typically in the 
range of 2: 1 is obtained, whereas an analysis of the lower needle like structure results in a 
ratio close to 1:l. This combined with the AES results strongly suggests that the crystallites 
represent remnants of an arsenic chloride salt layer. 

The fact that the underlying porous structure consists of stoichiometric GaAs is in good 
agreement with work by Tromans et al. (16) who found that GaAs dissolves in acidic 
solutions as GaAs-pairs according to equation (2): 

. .  

GaAs + 4 H20 --> Ga3+ + H3As04 + 5 H+ + 8e- (2) 

Thus no selective dissolution of one of the components takes place and therefore the 
remaining structure is also expected to consist mainly of GaAs. 
This further supports the suggestion that the origin of preferential attack can be attributede 
to the different reactivity of planes with Merent orientations. 



AFM investi&ong 

In order to study the early stages of pit formation, in- and ex-situ AFM investigations 
were performed on n-GaAs in acidic (HC1, H2S04) as well as W4H2P04 solutions. In 
situ AFM images were acquired by stepping the potential in 100 mV rntervals from -700 
mV to +4V. Fig. 6 shows typical images of a clean GaAs sample before exposure to the 
electrolyte (a), in situ at -500 mV SCE (b), and at +2SV SCE (c) in the 0.1M HC1 
solution. These potential values are below the pit growth potential in this solution. It is 
obvious that a significant roughening of the surface occurs. A quantitative analysis of the 
root mean square (RMS) roughness results typically in 0.3 nm for the reference sample, 6 
nm for the sample at -500 mV and 35 nm for the sample at 2.5V. An analysis of the 
corrugation length leads to values of the order of seved  hundred nm, i.e. similar to typical 
distances between characteristic features observed in the SEM images of Fig. 4f. Therefore 
ir could he assumed that this roughening of the surface in the pre-pitting potential range is a 
significant factor and a pre-cursor for pit nucleation and growth. It is noteworthy that 
similar findings (a roughening of the surface of stainless steels in the pre-pitting potential 
rangc) led to the development of a pitting model based on the electrostatic pressure within a 
ruggcd passive film (25). 

Howcver. if the same series of experiments is performed in 0.1M H2SO4 (Fig. 6 d,e), a 
comparable roughening occurs even though it is evident from the polarization curves in this 
solution that no pitting attack takes place. On the other hand, if the analogous experiment is 
carried out in the NH4H2PO4 + C1- solution (Fig. 6 f,g, - note the 10 times lower mange), 
no signifcant increase in the surface roughness takes place during potential stepping in the 
prc-pitting range. It can therefore be concluded that no direct correlation exists between 
surface roughening and pit initiation. 

In order to assess causes for the roughening observed in the acidic electrolytes the role 
of light was examined in HCI solution. For this, samples were prepared in a conventional 
electrochemical cell in dark and subsequently investigated ex situ with the AFM. Such ex 
situ images of n-GaAs polarized in the dark at -500 mV and +2SV are shown in Fig. 6 h,i. 
From these figures, no significant roughening of the surface was observed as compared 
with in situ images at the same potential in Fig. 6b,c. A crucial difference between in- and 
ex-situ experiments is that a laser beam is used in AFM to measure the deflection of the 
AFM cantilever, therefore no dark in-situ conditions can be estabbhed. That light plays the 
key role in the roughening process becomes evident if Figs. 6 i j  are considered. An image 
of a sample uniformly illuminated with a bright 100 W microscope illuminator during 
polarization at 2.5 V in HCI solution (Fig. 6j) shows a significantly increased surface 
roughness compared with the respective sample in the dark. Therefore it is clear that 
roughening in this case is associated with photoelecttochemical etching of the surface. On 
the other hand, for samples prepared in NH4H2PO4 + C1- solution with and without light, 
no difference in surface roughness, Le. flat surfaces, were observed. Therefore it can be 
concluded that the formation of an oxide film in this solution prevents photoelectrochemical 
roughening of the surface. 

To conclusively assess the role of roughening on the pitting process, polarization curves 
were acquired on a pre-roughened sample - i.e. a sample where a significant roughness 
was induced by illumination and compared with a fresh clean sample (Fig. 7). Clearly, in 
both cases the pitting potential is almost the same. Also results from an in situ AFM 



experiment show a very similar pitting potential. This means that roughening of the surface 
at least on the scale which occured in our experiments does not affect the pitting process. 

ion sites of DittinP attack 

In order to assess causes for initiation at particular surface sites, a sample was scratched 
with a diamond scribe and polarized above the pitting potential (O.lM HC16V, 5 min). Fig. 
8a and b show SEM micrographs of the sample before and after the experiment It is 
obvious that the attack is initiated at the scratch and propagates from this origin three 
dimensionally into the unaffected area. 

Various factors can be responsible for such an effect. First, as previously reported in the 
litcratum (26), microroughness can lead to a geometric configuration where mass transport 
conditions (the dissolution of Ga3' andor A?') lead to a buildup of highly concentrated 
solution. As mentioned before, the effect of microroughness has also been ascribed to 
clcctrostatic pressure of a rugged surface (25). But as seen by our AFM experiments, in 
this CLW pitting corrosion is not influenced by surface roughness. 

Second, due to scratching a high number of local defects such as dislocations is 
introduced which may result in a drastically increased number of pit initiation sites. In order 
io srudy the role of surface defects, pitting experiments were carried out on two wafers, 
which according to the manufacturer's specification differed siflicantly in the dislocation 
dcnsity. After pitting had been triggered, the results showed that on the wafer with the 
higher dislocation density a significantly higher number of pits were initiated. This 
indica- that dislocations can act as sites for pit nucleation. 

A third effect of scratching is that different crystal planes become exposed to the 
electrolyte. As already discussed it is well known from a variety of semiconductor etching 
investigations that different planes can have a considerable variation in reactivity (due to the 
different number of back bonds attaching a surface atom to the lattice). To elucidate this 
possibility, a sample was cleaved along the (1 10) direction and along the (01 1) direction 
and subsequently exposed to pitting conditions in ~ 2 P 0 4  + 1M C1- at 4V for 5 min. In 
this experiment the susceptibility of the planes increased in the following order: (100) cc 
(01 1) < (1 10). Therefore it can be concluded that the different reactivity of the planes as 
well as an increase of the surface defect density are the most likely reason for the results of 
the scratch experiments. 

Conclusions 

- Localized corrosion of GaAs can be triggered in Cl'-containing solutions resulting in a 
porous GaAs structure. 

- Essential for localized corrosion is the presence of cumnt  limiting conditions at the 
solidfliquid-interface, i.e. the process is controlled by a local activation mechanism. In 
contrast to metals, current limitation can not only be achieved by a presence of an oxide 
film, but can also be due to depletion conditions in the semiconductor space charge 
layer. In the latter case, the presence or absence of an oxide film is not significant for 



the pitting process. In absence ;of these current limiting factors, general corrosion 
(electropolishing) under diffusion control takes place. 

- In the case of n-type material, nm-roughening of the surface can photoelectrochemically 
be induced under conditions where no surface passivation takes place, but such a 
roughening does not play a dominant role in pit formation. In cases, where an oxide 
layer forms as a result of photoinduced dissolution, no surface roughening occurs. 

- The pit initiation process is strongly influenced by dislocations and crystal orientation. 

Acknowledgments 

The authors would like to thank John Phillips (NRC) for performing the Auger depth 
profiles. One of the authors (PS) would like to thank the Institute of Materials Chemistry 
and Corrosion (IBWK) of ETH-Zurich for financial support during his stay at Brookhaven 
National Laboratory. This work was performed in part under the auspices of the US. 
Department of Energy, Division of Materials Sciences, Office of Basic Energy Science 
under Contract No. DE-AC02-76CH00016. 

1. 
2. 
3. 

4. 
5. 
6. 

7. 
8. 

9. 

10. 
11. 

12. 

13. 
14. 

15. 

16. 
17. 
18. 

References 

Whole edition of J. of Luminescence I 57, (1993). 
S.M. Prokes, Interface, 3,41 (1994). 
S .  Wolf, RN. Tauber, Silicon Processing, Vol. I; Lattice Press: Sunset Beach, 
CA, 1986. 
Y. Hayafuji, K. Kajiwara, S. Usui, J. Appl. Phys. , 53, 8639 (1982). 
C.J. Varker, K. Ravi, J. Appl. Phys. , 45, 272 (1974). 
G.H. Schwuttke, K. Brock, E.W. Hearn, Microelectronics Reliability, 10,467 
(1971). 
G.R. Brooker, R. Stickler, Phil. Mug., 13,71 (1966). 
C. Tsai, K.H. Li, J.C. Campbell, B.K. Hance, M.F. Arendt, J.M. White, 
S.-L. Yau, A.J. Bard, J. Electronic Materials, 21,995 (1992). 
Y. Nakagawa, A. Ishitani, T. Tagahagi, H. Kuroda, H. Tokumoto, M. Ono, 
K. Kajimura, J. Vac. Sci. TechnoL , AS, 262 (1998). 
M. Niwa, H. Iwasaki, S .  Hasegawa, J. Vac. Sci. Technol., AS, 266 (1990). 
G.B. Amisola, R. Behrensmeier, J.M. Galligan, EA. Otter, F. Namavar, 
N.M. Kalkoram, Appl. Phys. Lett. I 61,2595 (1992). 
G.B. Amisola, R Behrensmeier, J.M. Galligan, EA. Otter, F. Namawar, N.M. 
Kalkoran, J. Vac. Sci. TechnoL , B11, 1788 (1993). 
S.L. Yau, F.-R F. Fan, A.J. Bard, J. Electrochem Soc., 139, 2825 (1992). 
E. Ettedgui, C. Peng, L. Tsybeskov, Y. Gao, P.M. Fauchet, G.E. Carver, 
H.A. Mizes, Mat. Res. Soc. Symp. Proc. Vol. , 283, 173 (1993). 
M. Enachescu, E. Hartmann, As Kux, F. Koch, J.  of Luminescence, 57,191 
(1993). 
D. Tromans, G.G. Liu, F. Weinberg, Corros. Sci. , 35, 117 (1993). 
2. Szklarska-Smialowska Pitting Corrosion of Metals; NACE: Houston, 1986. 
Critic& Factors in Localized Corrosion; G.S. FrankeI, R.G. Newman, Eds.; 
The Electrochemical Society: Pennington, NJ, 1992. 



19. 

20. 
21. 

22. 
23. 

24. 
25. 

26. 

P. Schmuki, G.j. Sproule, J.A. Bardwell, Z.H. Lu, M.J. Graham, J. Appl. 
Physics , (submitted for publication). 
Y. Tao, P. Schmuki, M.J. Graham, (in preparation). 
N.G. Ferreira, D. Soltz, F. Decker, L. Cescato, J. Electrochem SOC. , 142, 1348 

H.C. Gatos, M.C. Lavine, J. Electrochem SOC. , 107, 472 (1960). 
H. Seidel, A Csepregi, A. Heuberger, H. Baumgaertel, J. Electrochem SOC. , 
137, 3612 (1990). 
B. Tuck, A.J. Baker, J. Mater. Sci. , 8, 1549 (1973). 
Y. Xu, M. Wang, H.W. Pickering In Proc. Oxide Filiils on Metals andAlloys; 
The Electrochemical Society, Pennington NJ, (1992) p. 467. 
P. Schmuki, R. Morach, H. Boehni, Extended Abstracts of the 183rd Meeting of 
the Electrochemical Sociep, The Electrochentical Sociery , (1993) p. 169. 

(1995). 

DECLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility 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. Refer- 
ence herein to any specific commercial product; process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Govemment or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. I 

_ _ _ _  ~ ~ ~~~ ~-~ ___-_I_ 



N 

E 

2 
= 
v) c 
0 
0 
c 
C 
L 
5 
0 

-loo0 -500 0 500 lo00 1500 2000 

Potential (mV) 

no CI addition 

-loo0 0 loo0 2ooo 3Ooo 4Ooo 
Potential (mV SCE) 

10" 

104 

c 
S 
2 
5 
0 

0.1M H,SO, + 1M NaC 0.1M H,SO, + 1M NaCl 

-lo00 0 lo00 2000 3000 4000 

Potential (mV SCE) 

1 0 0 ~ ,  .... I ....,.. . . I  .... I .... ,...q 

1 no CI - addition 

-1m 0 1 m 2 o w 3 O o o ~ ~ 6 O O o  

Potential (mV SCE) 

Fig. 1 Polarization curves of: 
a) p-GaAs in 0.1M H2SO4 and in 0.1M HC1 
b) n-GaAs in 0.1M H2SO4 and in 0.1M HC1 
c) p-GaAs in mH2P04-buffer (pH 4.4) with different chloride concentrations 
d) n-GaAs in mH2P04-buffer (pH 4.4) with different chloride concentrations 
Sweep rate 5 mV/s. Curves acquired in the dark. 



Band model for semiconductor-electrolyte junction 
under anodic bias 

n-type 
--> depletion 

P-tYPe 
--> accumulation 

I LI 

Fig. 2 Schematic illustration of the band model of different conduction types under anodic bias 
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Potential (rnV SCE) 

Fig. 3 Polarization curves of n-GaAs in 0.3 M NhH2P04 + 1M C1- for an oxide-free sample 
and a sample pre-passivated for 5 min at 4 V in CP-free phosphate-buffer resulting in a 
120 A thick oxide layer 



Fig. 4 SEM micrographs of n-GaAs (100) after polarization in 0.1M HCl: 
a) overview after polarization for 5 min at 3V 
b) higher magnification of one of the pits seen in Fig. 4a 
c) sample surface after polarization for 5 min at 6V 
d) higher magnification of a typical morphology of Fig. 4c 
e) cross-section of the sample surface after 15 min at 6 V showing the needle like appearance 
of the remaining porous GaAs structure after attack 
f )  higher magnification of a typical morphology of Fig. 4e 
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Fig. 5 AES profiles of the porous structure of Fig. 4c and 
a reference sample of clean GaAs 
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Fig. 6 AFM images of n-GaAs: 
a) ex situ (in air) before exposure 
b) in situ at -500 mV SCE in O.1M HC1 
c) in situ at +2.5 V SCE in 0.1M HCI 
d) in situ at -500 mV SCE in 0.1M H2SO4 
e) in situ at +2.5 V SCE in 0.1M H2SO4 
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Fig. 6 (continued) 
f )  in situ at -500 mV SCE in 0.3M MH4H2PO4 + 1M C1- 
g)  in situ at +2.5 V SCE in 0.3M NH4H2PO4 +'1M C1- 
h) ex situ (in air) after polarization at -500 mV SCE in 0.1M HCI in the dark 
i) ex situ (in air) after polarization at +2.5 V SCE in 0.1M HCl in the dark 
j) ex situ (in air) after polarization at +2.5 V SCE in 0.1M HCI, uniformly illuminated 
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Fig. 7 Polarization curves of n-GaAs in 0.1M HCl measured in the dark for a sample 
re-roughened under illumination and for a flat sample as well as the result from 
an in situ AFM experiment 

Fig. 8 SEM images of n-GaAs (100) scratched with a diamond scribe: 
a) before exposure to electrolyte 
b) after polarization in 0.3 M NQH2P04 + 1M C1- at 4 V SCE for 5 min 
(above pitting potential) 
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