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In situ observation of anodic dissolution process of n-GaAs in HCI solution
by electrochemical atomic force microscope

Michio Koinuma and Kohei Uosaki®

Physical Chemistry Laboratory, Department of Chemistry, Faculty of Science, Hokkaido University,

Sapporo 060, Japan

(Received 9 August 1993; accepted 10 December 1993)

Anodic dissolution of a GaAs(100) face was investigated by in situ electrochemical atomic force
microscope (AFM). While no surface structure change was observed at —0.6 V (vs Ag/AgCl) where
no current flowed, dome structure on surface was removed, and flat surface was obtained after
keeping the potential at O V (vs Ag/AgCl) where anodic current of ~150 A cm™? flowed. An
atomically resolved AFM image was obtained in the flat region and shows the surface is dominated

by a (111) face after the anodic dissolution.

I. INTRODUCTION

Control of electrochemical and photoelectrochemical dis-
solution reactions of semiconductor electrodes is very impor-
tant in establishing electrochemical/photoelectrochemical
etching process and stable photoelectrochemical cells.'?
GaAs is one of the most attractive semiconductor materials
to be used in various electronic devices and dry/wet solar
cells. Thus many papers on electrochemical behaviors of
GaAs in dark and under illumination have been published.*~®

Scanning tunneling microscope (STM) is now recognized
as one of the most useful techniques to investigate the sur-
face structure of electrodes in sit with very high
resolution.'%!13 We have applied STM to monitor the surface
structure change of n-GaAs during anodic photocor-
rosion.'*'* Unfortunately, however, STM can be applied
only to observe the surface of conductive samples. The ex-
istence of anodic oxide films as well as the spaces charge
layer in the depletion condition makes the STM measure-
ment of semiconductor electrode relatively difficult’® and
atomic image of semiconductor surface in contact with elec-
trolyte have been obtained only on H-terminated silicon and
germanium in H,SO,,'” HF,'® and NaOH solutions.'® On the
other hand, atomic force microscope (AFM) can image even
nonconducing surfaces. Furthermore, electrochemical pro-
cess on tip which may be a serious problem in the STM
measurements in electrolyte solutions can be avoided in the
AFM measurements. Thus AFM may be more useful tech-
nique than STM in electrochemistry, at least for the imaging
of semiconductor electrode surfaces. Recently, Gewirth et al.
demonstrated that electrochemical AFM has an atomic reso-
lution and is a useful technique to observe electrode surfaces
in site.®*"22 We also have successfully employed AFM to
monitor the surface structure change of InSe during electro-
chemical potential cycling with atomic resolution.”?

In this paper, we investigate the surface structure change
during anodic dissolution of a GaAs(100) face in HCl solu-
tion using in situ electrochemical AFM and report that pro-
longed oxidation removes dome structure and give relatively
flat surface. An atomically resolved AFM image of GaAs
was obtained in situ for the first time and shows that the
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surface is dominated by a (111) face after the anodic disso-
Iution in HCL.

ll. EXPERIMENT

A (100) face of n-GaAs single crystal wafers doped with
Si(8x10'” cm ™) was used as an electrode in this study. The
sample was etched by dip treatment in HCI-HNO, (1:1) so-
lution for 30 s then rinsed with Milli-Q water.>** This pro-
cedure was repeated three times. After these treatments, the
surface roughness of the sample was decreased quite signifi-
cantly. Ohmic contact was secured using In.

The electrochemical AFM measurements were carried out
by using a NanoScope II with electrochemical AFM unit
(Digital Instruments, CA) operating in the constant force
mode. Microfabricated Si;N, cantilevers of 100 um long
with integrated Si;N4 pyramidal tips (length: 4 mm, nominal
radii: 40 nm) were used. The spring constant of the cantile-
vers was 0.58 N/m and the typical force during the measure-
ments was ~1 nN.2%" A glass fluid cell supplied by Digital
Instruments (volume: 0.2 ml) was used for the electrochemi-
cal AFM measurements. A Pt wire and a Ag/AgCl (3.3 M
KCl) electrode were used as a counter and a reference elec-
trode, respectively. An exposed electrode area in contact with
solution was about 0.32 cm®.

All measurements were carried out in 10 mM HCI solu-
tion which was prepared by using reagent grade chemicals
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F1G. 1. Current-potential relation of n-GaAs in 10 mM HCL. (a} in dark, (b)

during AFM measurement, and (c) under white light illumination.
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FiG. 2. Sequentially obtained AFM images of n-GaAs in 10 mM HCl while potential was held at —0.6 V where no anodic current flowed. Time after
application of the potential at ~0.6 V was (a) 0.5 min, {(b) 7 min, (¢) 13.5 min, and {d) 20 min.

{Wako Pure Chemicals) and Milli-Q water and was deaerated
by passing high purity nitrogen gas for 20 min.

Il. RESULTS AND DISCUSSION

Figure 1 shows current-potential relations of n-GaAs in
{a) 10 mM in dark. (b} during AFM measurement, and (c)
under white light illumination by 30 W halogen lamp. As
expected for the n-type semiconductor electrode, large ca-
thodic current was observed. but no anodic current flowed in
dark and anodic current was strongly enhanced by
illumination.' The anodic current was also observed during
AFM measurement. although small compared with that un-
der white light illumination. This current should also be pho-
tocurrent as some portions of laser light which was used for
sensing the deflection of the cantilever hits the electrode sur-
face. Cathodic and anodic current should be due to hydrogen
evolution and GaAs dissolution, respectively.

Figure 2 shows AFM images obtained sequentially after
~0.6 V was applied. At this potential almost no current
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flowed (cf. open circuit potential=—0.58 V) and no structure
change was observed even after 20 min. Similar results were
obtained by STM in NaOH solution."

Figure 3(a) is an AFM image obtained at —~0.6 V after the
images of Fig. 2 were collected, i.e., 35 min after the appli-
cation of the potential. Still no surface change was observed.
However, as soon as the potential was pulsed to 0 V where
anodic current of ~150 uA cm ™ ? flowed, surface structure
started to change as shown in Figs. 3(b)-3(f). The change
was significant. Dome structures were removed, the structure
became flat and only large structure remained. Since similar
structure was observed at places were the contact AFM im-
aging was not carried out, the effect of the tip on the disso-
lution reaction of the surface can not be important. Qur pre-
vious studies on photochemical anodic dissolution of n-GaAs
by STM showed that electrolyte solutions have strong influ-
ence on the surface morphology.'*'® Photoelectrochemical
etching leads to a flat surface in HClO, solutions,'* but gen-
erated rougher surface in NaOH solution. ' Preliminary in-
vestigation using electrochemical AFM in various electrolyte
solutions also suggests the important role of electrolyte so-
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Fic. 3. AFM images of n-GaAs in 10 mM HCI obtained (a) after the potential was held at —0.6 V for 35 min and (b)~(f) after the potential was pulsed from
—0.6 to 0 V where anodic photocurrent of ~150 uA cm™2 flowed. Time after the application of 0 V was (b) 3.5 min, (c) 6.5 min, (d) 10 min, (e) 17.5 min.

and (f) 25 min.

lution in determining the morphology of electrochemically
etched surface. Detailed investigation is now under way.
Although some portions of the surface became atomically
flat after prolonged oxidation [Fig. 3(f)], an atomically re-
solved structure was not observed at 0 V. An atomically re-
solved AFM image was, however, obtained if potential was
pulsed to —0.6 V where no current flowed. Structure became
clear with time and several minutes after —0.6 V was applied
an atomically resolved AFM image, as shown in Fig. 4, was
obtained at some portion of the surface. The reason why the

JVST B - Microelectronics and Nanometer Structures

atomic image was obtained at —0.6 V and not at 0 V is that
the dissolution process is actively taking place at 0 V and/or
the oxide covers the surface.” This image suggests the (111)
arrangement with atom-atom distance of 0.4 nm which
agrees with atom—atom distance of a GaAs(111) face.?® It is
reasonable as it was reported that chemical etching of a (001)
face of GaAs in HCI solution selectively gives a (111)
face.” One must, however, note that 0.4 nm atomic sepa-
ration can be observed also at a (100) face. The difference
between the two is the crossing angle of atom rows, i.e., 60°
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Fia. 4. An atomically resolved AFM imaged of n-GaAs clectrode surface in 10 mM HCl obtained at —0.6 V vs Ag/ApCl atter potential was held at O V tfor
25 min [Fig. 30]. The structure shows the (111) arrangement. The image was FFT filtered.

tor (111) and 90° for (100). Thus the possibility that the
imaged surface is the (100) face cannot be totally rejected,
because of a relatively unclear image. More detailed investi-
gation is now under way.

ACKNOWLEDGMENTS

This work is partially supported by Grant-in-Aids for Sci-
ence Research (04555191) and for Priority Area Research
{0545202) from Ministry of Education. Science and Culture
of Japan and by Kato Science Foundation.

'S, R. Morrison, Electrochemisiry at Semiconductor und Oxidized Elee-
trode (Plenum, New York, 1980).
“H. Gerischer. J. Electroanal. Chem. 58, 263 (1975).

K. W. Frese. Jr.. M. J. Madou, and S. R. Morrison, J. Electrochem. Soc.

128. 1527 (1981).
fJ. J. Kelly and P H. L. Notten. J. Electrochem. Soc, 130, 2452 (1983).
°P. Allongue and H. Cachet. Electrochim. Acta 33, 79 {1988).

“W. J. Plieth. G. Pfuhl. A. Felske. and W. Badawy, Electrochim. Acta 34,

133 (1989).
"H. F. Hsieh and H. C. Shih. J. Electrochem. Soc. 138. 1963 (1991),

“K. Uoski, Y. Shigematsu. S. Kaneko. and H. Kita. J. Phys. Chem. 93,

6521 11989).

K. Uoski. Y. Shigematsu. H. Kita. and K. Kunimatsu, J. Phys. Chem. 94,

4623 (1990,
YK Maya and E. Tomita. Surf. Sci. 201, L507 (1988).
P K. Hansma and J. Tersoft. J. Appl. Phys. 61. Ri (1987).

J. Vac. Sci. Technol. B, Vol. 12, No. 3, May/Jun 1994

PS L. Yau, X. Gao, $.-C. Chang. B. C. Schardt. and M. J. Weaver, J. Am.
Chem. Soc. 113, 6049 (1991).

S, R. Snyder and H. S. White. Anal. Chem. 64, 166R (1992).

"K. Uosaki, M. Fukuda, and H. Kita, Denki Kagaku 57. 1213 (1989),

'S. Erikson, P. Carlsson. B. Holmsudm, and K. Uosaki. J. Electroanal.
Chem. 313, 121 (1991).

1°p. Carlsson. B. Holmstrom, H. Kita, and K. Uosaki. Surf. Sci. 237, 280
(19801,

UK. ltaya. R. Sugawara, Y. Morita, and H. Takumoto, Appl. Phys. Lett. 60.
2534 (1992,

"S-l Yau, F. F Fun. and A. I. Bard, J. Electrochem. Soc. 139, 2825
(19923,

P Allongue, H. Brune, and H. Gerischer, Surt. Sci. 257, 414 (1992).

S, Manne, P. K. Hansma, J. Massie. V. B. Elings, and A. A. Gewirth,
Science 251, 183 (1991,

AC-h. Chen, S, M. Vescky. and A A. Gewirth. 1. Am. Chem. Soc. 114, 451
11992),

“C-h. Chen and A. A. Gewirth. Phys. Rev. Lett. 68, 1571 (1992).

K. Uosaki and M. Koinuma. J. Electroanal. Chem. 357, 301 (1993},

*B. Tuck. J. Mater. Sci. 10, 321 (1975).

*S. Adachi and K. Oe. J. Electrochem. Soc. 130, 2427 (1983).

H.-J. Butt, C. B. Prater, and P. K. Hansma. J. Vae. Sci. Technol. B9, 1193
11991).

D. A. Grigg. P. E. Russell. and J. E. Griffith, J. Vac. Sci. Technol. A 10,
680 (1992).

M. M. MacLaren. J. B. Pendry, P. J. Rous. D. K. Saldin. G. A. Somorjai,
M. A. Van Hove. and D. D. Vvendensky. Surfuce Crystallographic Infor-
mation Service: A Handbook of Surface Structures (Reidel, Holland.,
19%7).



