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Atomic scale modifications of GaAs using a scanning tunneling
microscope
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We have created atomic scale modifications on the GaAs~111!B surface by applying voltage pulses
between the tip of a scanning tunneling microscope and a GaAs sample under ultrahigh vacuum
conditions. A voltage pulse of 5 V~sample negative! for 25 ms results in the creation of a disordered
region ~approximately, 3 nm33 nm in area! of As trimers. In addition, surface stacking faults are
formed which extend over distances of order 10 nm and terminate on surface defects. A pulse with
the same parameters, but opposite polarity, creates a nanometer scale crater. We argue that th
smallest features are formed by electric field induced diffusion~for negative bias pulses! or field
desorption~positive bias pulses!. © 1995 American Institute of Physics.
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The use of the scanning tunneling microscope~STM! to
create nanometer scale features on semiconductor and m
lic surfaces is currently a topic of great interest. This is d
in part to the potential of this method for fabricating expe
mental nanostructures, but also for the information provid
regarding the behavior of these materials on the nanom
scale. The most striking example of atomic scale modifi
tion is the manipulation of Xe atoms on a Ni surface
Eigler et al.1 Patterning Si surfaces on an atomic scale in
ultrahigh vacuum~UHV! environment is also well estab
lished and may be achieved by applying voltage pulses
tween the tip and the sample to extract single atoms.2,3 Al-
ternatively, features may be formed in H-passivated Si w
dimensions of order 1 nm4,5 when performed in UHV~via H
desorption!, or 20 nm6 when performed in air~via the for-
mation of a thin oxide layer!. However, there has so far bee
less work on STM modification of GaAs surfaces althou
this material is commonly used for the fabrication of nan
structures. Dagataet al. have formed features on aqueo
sulfide passivated GaAs in air7 and Whitmanet al.have used
voltage pulses to induce diffusion of Cs atoms on GaAs~110!
in UHV.8 In each case the modified area is of order 100 n

In this letter we discuss the modification of GaAs~111!B-
~232! surfaces with a STM operated under UHV condition
For this study we have used As-capped epitaxialn1 Si-
doped GaAs layers 100 nm thick grown on ann1 GaAs
~111!B substrates. See Ref. 9 for more details on the mole
lar beam epitaxial~MBE! growth. After loading into the
UHV system ~base pressure;5310211 Torr! and outgas-
sing for several hours the As cap was desorbed by hea
the sample to 300 °C. The sample was then anneale
375 °C for periods ranging from 10 to 60 min. After coolin
to room temperature the sample holder was loaded onto
STM ~provided commercially by W. A. Technology! which is
housed in an adjacent vacuum chamber. Electrochemic
etched~5M KOH! W tips were used throughout. The tips a
Appl. Phys. Lett. 66 (12), 20 March 1995 0003-6951/95/66(12
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cleaned in vacuum by electron beam heating to appro
mately 1600 °C.

A typical STM image of the clean surface taken with
sample bias of22 V and a tunneling current of 100 pA is
shown in Fig. 1~a!. Biegelsenet al.10 have shown that the
topographic maxima may be identified as As trimers chem
sorbed inT4 sites on an underlying unreconstructed As laye
The separation of trimers in the predominant hexagonal
rangement in Fig. 1 is 0.8 nm corresponding to a 232 recon-
struction. Note that it is energetically favorable for the A
trimers to sit above subsurface Ga atoms inT4 sites than in
the hollow H3 site.

10 This should result in a flatband condi-
tion with the surface Fermi level being located at the bu
position—approximately 0.05 eV above the conduction ba
minimum for the doping density of the samples used. How
ever, in agreement with Kimet al.11 we find from tunneling
spectroscopy measurements that the Fermi level is pinn
0.5–0.6 eV from the valence band maximum. Kimet al.11

have proposed that the high density of surface stacking fau
present on the GaAs~111!B-~232! surface cause this pinning.
It is clear that there are several domains of the~232! recon-
struction visible in Fig. 1 and at the boundaries betwee
domains there are surface defects.

In our experimental arrangement the bias voltage is a
plied to the sample. Voltage pulses of magnitudeDV are then
applied with the feedback loop turned off for the pulse dur
tion t. A comparison of Figs. 1~a! and 1~b! shows the effect
of applying a pulse withDV525 V andt525 ms while the
tip is held at the center of the image. The main effects of t
pulse are confined to a region of order 3 nm wide at th
center of the image. This area was initially covered by
regular hexagonal ordering of~232! unit cells @see Fig.
1~a!#, but is disordered by the application of the voltag
pulse. The bright features in Fig. 1~b! have approximately
the same dimensions as those in Fig. 1~a! and of those in Fig.
1~b! in areas unaffected by the pulse. We, therefore, belie
that they correspond to As trimers. The disordering of A
1515)/1515/3/$6.00 © 1995 American Institute of Physics
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trimers is most apparent at the center of the image@see Fig.
1~b!#, but the effect of the pulse is more widespread. T
illustrate this we have marked the boundary of the modifi
region formed by As trimers which have remained unaffect
by the pulse by dots in Figs. 1~a! and 1~b!. It is clear that
following the voltage pulse there are two additional line d
fects which extend out from the central disordered regi
and run parallel to the principal axes of the surface. The
are marked by dotted lines in Fig. 1~b!. The upper of these
@marked A in Fig. 1~b!# terminates at a surface point defec
and represents a shift of one row of As trimers by half
reconstructed unit cell. This may be seen from a comparis
of Figs. 1~a! and 1~b!. The lower additional line defect is also
due to a shift of one row of As trimers. Part of this displace
row runs along the edge of a domain boundary which w
present prior to the voltage pulse.

We have repeated this procedure with different values
voltage and pulse times. ForDV in the range24 to 26 V
modification of a comparable area was observed after
pulses. ForDV<27 V the modified area was much large
and it was difficult to identify regions within a 20 nm squar
area which were unaffected by the voltage pulse. The nat

FIG. 1. ~a! 20 nm320 nm topograpic image of the GaAs~111!B surface. The
maxima~bright parts of the image! correspond to As trimers~Ref. 10!; ~b!
the same area after applying a negative voltage pulse at the center o
image~DV525 V, t525 ms!. The white dots mark trimers which have no
been changed by the pulse. The dotted lines represent the surface de
induced by the pulse. The tunnel current and voltage for both images
100 pA and23.0 V, respectively.
1516 Appl. Phys. Lett., Vol. 66, No. 12, 20 March 1995
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and extent of the damaged area was independent oft over
the experimental range 20–250 ms.

The effect of a positive voltage pulse on the sample is
qualitatively different. Figures 2~a! and 2~b! show a region of
GaAs before and after a pulse withDV55 V andt525 ms.
A small pit ~width ;2–3 nm! is formed by the pulse where
As trimers have been removed. Profiles through a number o
nanofabricated pits reveal a value for the pit depth of 0.21
nm @we have calibrated the vertical motion of our piezoelec-
tric transducers from bilayer steps present on the
GaAs~111!B surface—nominally, 0.33 nm in height#. In ad-
dition, we find that a larger area around the pit is modified.
However, this area is generally not disordered but reordered
so that it has a similar or in some cases a greater degree o
order after the pulse. Comparison of Figs. 2~a! and 2~b! re-
veals an example of this effect. An area with local square
symmetry@which corresponds to ac~432! reconstruction# is
identified in Fig. 2~a!. Small areas with this arrangement are
often seen on our samples. After a voltage pulse this area i
reordered into the predominant hexagonal arrangement o
~232! unit cells @see Fig. 2~b!#. Thus the effect of a voltage

the

fects
as

FIG. 2. Topographic image~12 nm312 nm! of an area of GaAs~111!B
before~a! and after~b! the application of a positive voltage pulse~DV55 V,
t525 ms!. The pulse was applied while the tip was positioned over the area
where a pit was formed. The area enclosed by the dotted line in~a! has a
square symmetry which reverts to a hexagonal symmetry following the
pulse. The letters B and C identify surface defects which are unaffected by
the pulse. The tunnel current and voltage for both images was 100 pA and
22.5 V, respectively.
Moriarty, Beton, and Woolf
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 This
pulse on this area is not to damage but to heal out surf
defects.

These effects are independent of pulse duration for
ms,t,250 ms. ForDV.7 V an area greater than 20 nm
square is affected. For intermediate voltagesDV'6 V we
find that deeper pits are formed in which one, or in som
cases two, subsurface atomic layers may be resolved.

Various mechanisms have been proposed for surf
modification by voltage pulsing including field
evaporation,12 electric field induced surface diffusion8 and
local heating13 ~see also Ref. 14!. Tsong15 provides a critical
comparison of these mechanisms. We consider first our
servations for negative voltage pulses. For this case elect
flow from the sample to the tip so the modification cannot
due to local heating of the GaAs. Since the number of
trimers is approximately the same before and after the pu
we argue that field desorption~of negatively charged As ions
or trimers! cannot account for our observation. The mo
likely explanation for our observations is field induced d
fusion of As trimers. This arises from the nonuniform elect
field produced by the STM tip which acts to polarize surfa
atoms resulting in a lower potential energy close to the
Generally, this potential energy variationU(r ) is given as a
function of r, the radial coordinate~r50 corresponds to the
apex of the tip! by8,14

U~r !52m–E~r !2aE~r !2/2, ~1!

whereE~r! is the electric field at the surface,m is the dipole
moment of the surface species, anda is its polarizability
which we consider as a scalar quantity for simplicity. Ea
As atom in the trimer is bonded to the three other As ato
and the trimer has a high degree of symmetry. We, theref
expect that the dipole moment is small and neglect the fi
term in Eq.~1!. The electric field is expected to be stronge
directly beneath the apex of the tip and to fall away to ze
over a length scale comparable with the tip radius of cur
ture r. During a voltage pulse we estimateE(0)5DV/d,
whered ~;0.8 nm! is the tip-sample separation. Followin
Whitman et al.8 we, therefore, expect that a voltage pul
will give rise to a potential well beneath the tip which has
minimum value ofUmin5aE(0)2/2. The value ofa for a
free As atom is 4.7310240 C m2 V21 and we would ex-
pect that the value for a trimer is of order three times high
We, therefore, estimatea514310240 C m2 V21. This
givesUmin50.18 eV. Biegelsenet al.10 have calculated a dif-
ference in energy of 60 meV for an As trimer bonded a
H3 site as compared with theT4 site. This energy difference
is small compared to the energy minimum induced by a vo
age pulse. We, therefore, argue that the disordering indu
by the voltage pulse is due to the diffusion of As trime
towards the tip via sites which are not energetically favora
in the absence of the voltage pulse. Following the volta
pulse the trimers are frozen in their new positions. T
changes to the surrounding area are due to the surface r
ing in response to the central disordered region. This
achieved by a rearrangement of surface defects.

The changes induced by a positive voltage pulse sho
in Fig. 2~b! may be explained in terms of field induced d
sorption of As trimers. This is the origin of the nanomet
Appl. Phys. Lett., Vol. 66, No. 12, 20 March 1995
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size pit in Fig. 2~b!. The 0.21 nm value determined for the pit
depth is close to the 0.23 nm distance between the As trim
layer and underlying As layer.10 A similar field desorption
mechanism has been proposed by Uchidaet al.3 for the re-
moval of single Si atoms using voltage pulses with simila
parameters. The most likely explanation for the modificatio
of the region around the pits is a relaxation of the surfac
following the field desorption of surface atoms. The reorder
ing shown in Fig. 2~b! is highly suggestive of annealing due
to local heating. Marella and Pease14 have shown that the
overall temperature rise from the power dissipated by a vol
age pulse of the magnitude we apply~the current rises to
;100 nA for both forward and reverse bias pulses! is very
small—of order 1 K. Thus the reordering does not resu
from a local increase of temperature.

The effects described above are reproducible and ha
been observed with many different samples and tips. In pa
ticular, the difference in the effects of pulses with differen
polarity has been observed for all samples and tips. In add
tion, the application of several positive pulses at predete
mined sites has been used to form small arrays of pits.

We have shown that it is possible to form nanomete
scale features on a clean GaAs surface. There are significa
differences which depend on the polarity of the pulses i
contrast to the results for similar experiments on Si surface
We emphasize that the formation of local pits and disordere
regions on the GaAs surface changes the surface profile a
the local density of states. We believe that the application o
positive voltage pulses to locally remove material offers a
means of directly fabricating GaAs based nanostructures, f
example on thin heavily doped epilayers, with characteristi
dimensions and separations less than 10 nm.
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ful to the Royal Society for financial support.

1D. M. Eigler and E. K. Schweizer, Nature~London! 344, 524 ~1990!.
2I-W. Lyo and P. Avouris, Science253, 173 ~1991!.
3H. Uchida, D. Huang, F. Grey, and M. Aono, Phys. Rev. Lett.70, 2040
~1993!.

4R. S. Becker, G. S. Higashi, Y. J. Chabal, and A. J. Becker, Phys. Re
Lett. 65, 1917~1990!.

5J. W. Lyding, T.-C. Chen, J. S. Hubacek, J. R. Tucker, and G. C. Albeln
Appl. Phys. Lett.64, 2010~1994!.

6E. S. Snow, P. M. Campbell, and P. J. McMarr, Appl. Phys. Lett.63, 749
~1993!.

7J. A. Dagata, J. Schneir, H. H. Harary, J. Bennett, and W. Tseng, J. Va
Sci. Technol. B9, 1384~1991!.

8L. J. Whitman, J. A. Stroscio, R. A. Dragoset, and R. J. Cellota, Scienc
251, 1206~1991!.

9D. A. Woolf, Z. Sobiesierski, D. I. Westwood, and R. H. Williams, J. Appl.
Phys.71, 4908~1992!.

10D. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L-E. Swartz, Phys
Rev. Lett.65, 452 ~1990!.

11J. Kim, M. C. Gallagher, R. F. Willis, J. Fu, and D. L. Miller, J. Vac. Sci.
Technol.12, 2145~1994!.

12D.-H. Huang, H. Uichida, and M. Aono, Jpn. J. Appl. Phys.31, 4501
~1992!.

13Y. Z. Li, L. Vanquez, R. Piner, R. P. Andres, and R. Reifenberger, Appl
Phys. Lett.54, 1424~1989!.

14P. F. Marella and R. F. Pease, Appl. Phys. Lett.55, 2366~1989!.
15T. T. Tsong, Phys. Rev. B44, 13 703~1991!.
1517Moriarty, Beton, and Woolf

bject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

, 24 Jan 2014 11:14:26


