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EL~is sumaryI

The goal of the phase I research was to demonstrate that p-type

GaAs could be imaged and etched using a scanning tunneling microscope

(STM) tip to produce features smaller than the micrometer level. The

material used in this study was Zn doped (3.3 x10 19 per cubic centim-

er). The etching solution was 5mM NaOH, lmM EDTA. Negative biases,

i.e. tip positive, of 4 volts yielded etched regions after subsequent

oxidation decomposition of the processed region. These regions could

be produced much smaller than 1 micrometer. Therefore, the phase I

research shoved that STM can be used to selectively etch regions of

p-type GaAs under electrochemical conditions. This procedure has

potential application in the custom production of small, fast semi-

conductor devices.
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Introduction

Scanning Tunneling Microscopy (STM) has been used to image

conducting and semiconducting materials even in ionic solutions (1).

Since tunneling is an elastic process, the tunneling electrons cannot

be utilized to perform work, i.e. alter the surface. However, a

small portion of the tip electronic current is due to inelastic

electrons. The inelastic contribution has been estimated at 3% by

Binning and Rohrer (2). Therefore, for the current densities common-

ly utilized in STM, substantial work can be performed. For a tunnel-

ing current of 1 nA spread over a tunneling area of 1 square nm the

current density is 105 A/cm 2, or almost 2 x 1023 inelastic electrons

per second. (One of the major goals of the phase II proposal will be

rapid scanning in order to decrease the size of the etched portion by

descreasing the inelastic contribution per area.) Therefore, it is

feasible that significant etching can be performed under controlled

tunneling conditions with the STM. It was the goal of the phase I

research to demonstrate this possibility by the STM etching of p-type

GaAs in a tunneling mode.
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Experimental

The STM that was utilized for the phase I research was based on

a previous design by Professor Stuart Lindsay, Arizona State Uni-

verstiy (ASU) (3). The ASU STM was modified to include a single tube

piezoelectric (PZT) scanner instead of the 5 orthogonal (2 each in

the x and y directions and 1 in the z direction) PZT's in the previ-

ous design. The improved design resulted in better stability and

reproducibility. The new version also incorporated an electrochemi-

cal cell for better control of the STM-sample system during use in

solution.

The material used for this study was Zn doped (3.3 x 1019 /c.c.)

(001) GaAs obtained from Motorola Corp., Tempe, AZ. The crystals

were cleaned in trichloroethylene, 2-propanol, and rinsed in 18

Mega-Ohm deionized water before being placed in the STM cell.

Electrical contact was made to the front face of the crystal with

conducting screws. However, no additional effort was made to ensure

that the contacts were Ohmic.

After the cleaned crystal was placed in the STM cell, the cell

was filled with etching solution. For the majority of this research

the etching solution was 5mM NaOH, 1mM EDTA. Etching in a basic

solution was objective 2 of the phase I research. Objectve 1 was

etching in an acidic solution. Several attempts were made to etch in

H2SO4; however, these were unsuccessful due to unresolved problems

with the tip coatings. The acidic etching was discontinued after the

success of etching in NaOH. An important part of the phase I re-

search was the success of coating tips for use in ionic solutions.

The .25 mm Pt-Ir (80:20) tips were first electrochemically etched in
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sodium cyanide to form an optically sharp point. Then they were

coated with a layer of apiezon wax so that all but the extreme end

was insulating. This procedure is still "trial-and-error"; however,

the tips can be immediately tested for "leakage" current and recoated

if required. Tips were tested by placing them in a comparable but

more concentrated ionic solution than in which they woould be uti-

lized and placing a potential of 5V's between the tip and an adjacent

metal electrode. The current between the two electrodes was the sum

of the "leakage" and uncoated-tip ionic currents since the tip was

not in a tunneling mode. For the coated tips used in the phase I

research, currents below .5 nA in a 10mM NaOH solution were required

during testing. The apiezon coating was fairly reliable in the

etching solution; however, it did not insulate as well in acidic

solutions. (We are continuing to develop better tip coatings for

various media).

The emphasis during this research was to etch p-type GaAs which

can be etched photoelectrochemically by reductive decomposition with

the reaction:

GaAs + 3e- - Ga + As 3 -

with the As 3 - going into solution as AsH 3 (4). Therefore, the first

etching attempts were made in the same solution used in reference 4,

0.. M H2S0 4,-0.1 M NaSCN; however, as previously stated the tip

coating were unstable in this solution. For GaAs etched in this

solution the Ga forms a stable surface against further decomposition.

To overcome this problem the authors made the GaAs more positive to

increase the hole concentraation at the surface and oxidize and

dissolve the Ga layer more rapidly than the surrounding GaAs struc-
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ture. The corresponding attempts at reductive decomposition during

phase I in the NaOH solution with the STM required that the GaAs was

negative versus the tip, i.e. tip positive (this point was not clear

in a previous monthly report.). For the basic solution used in this

research the material did not go into solution immediately after

etching; therefore, the procedure was also modified to include a

subsequent oxidation decomposition. Oxidative decomposition was

accomplished by changing to a negative tip bias and reprocessing the

same region. This procedure removed both Ga and As from the surface.

Attempts were made to accomplish the oxidative decomposition using

the potentiostat for the final removal; however, they were not suc-

cessful, perhaps due to improper bias at the electrode surface. If

Ohmic contact is made and the solution resistance drop compensated

for, the final step should be possible without the STM. Since the

goal of the research was to demonstrate etching with the STM and use

the STM to image the etched surface, the two-step process was useful

during phase I. The final STM processing will be changed to only

electrochemical or photelectrochemical during phase II. The oxida-

tive decomposition reaction is probably:

Ga + 3h+ & Ga 3 +

as reported in reference 4. These researchers felt that the GaAs

bonds in the "reductively decomposed" area are weakened so that

oxidative decomposition occurs more rapidly than in surrounding

areas.

Based on the previous discussion the experimental procedures for

etching the p-type GaAs material consisted of first imaging the

surface with a tip bias of 1-1.2 V's, stepping to a tip bias of 4 V's

and scanning a smaller region, changing the tip bias to -4 V's and
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rescanning the same region, and changing back to an imaging mode with

a tip bias of 1-1.2 V's. For our configuration the STM tip was

scanned in the x direction and stepped in the y direction. The z

direction is orthogonal to the other two directions and is approxi-

mately perpendicular to the surface. Using the above described

etching procedures, we were able to etch fine, i.e. less than microm-

eter size, features on the GaAs surface. Since the features were so

obvious with the STM, SEM was not needed during the phase I effort.
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The significant results of the phase I research will be present-

ed as a series of STM images.

Figure 1. This is a 3-dimensional (3-D) image of p-type GaAs in 5mM

NaOH, ImM EDTA. The STM tip bias is 1 V versus the substrate. All

units are Angstroms.

Figure 2. This is a 3-D image of the same region as Figure 1 after

the surface has been processed with a tip bias of 4 V's and then -2

V's to produce the final etched region. The etched region was proc-

essed first at 4 V's and then the larger region processed at -2 V's.

Figure 3. This is another 3-D image of p-type GaAs in NaOH prior to

etching. The STM image was obtained with a tip bias of 1.2 V's.

Each scale is in Angstroms; therefore, the surface is fairly flat

over the .1 x .1 micrometer region.

Figure 4. An STM image of the region in Figure 3 after processing.

In this case the tip bias was 4 V's and then -4 V's over the same 500

x 500 Angstrom region. Then the larger area of Figure 3 is imaged at

1.2 V's.
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Figure 5. Another example of an etched portion of GaAs. This was

the deepest etch pit obtained during the research. The processing

was done in the same manner as Figure 4. The variation in etching

among Figures 2, 4, and 5 is probably due to preferential etching

directions on the crystal surface.

Figure 6. This is a 2-D STM image (left side) of a feature that was

produced by imaging half-way up and subsequently making 2 500 Ang-

strom scans across the center of 4 and -4 V's respectively. Then the

remainder of the image is taken in an imaging mode. (Note that the

y-axis is now 20 Angstroms.) This clearly demonstrates that the

features are produced by the effect of the STM scanning the surface.

The right side of the figure is the oscilloscope trace of the STM

image with the z-axis modulation added to the y-axis steps. The

traces show that the processed region appears more stable than the

unprocessed region.

Figure 7. This is an STM image (left side) of the feature produced

in Figure 6 imaged subsequently. In this case the entire area is

etched.

Figures 8 and 9. These are different etched regions on the surface

of p-type GaAs. The features are produced by the same procedure as

Figure 4. In each case the processed and etched region is 500 x 500

Angstroms in the center of the STM image. The two etch pits differ

substantially in depth with Figure 8 approximately 60-70 Angstroms

and Figure 9 approximately 5-10 Angstroms deep.
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Figure 10. Another example of an etched p-type GaAs surface. The

etched region which was 500 x 500 Angstroms was produced with the

same procedure as Figure 4. This STM image (left side) was taken

immediately after etching. The oscilloscope trace (right side)

shows roughness at the nm and larger level.

Figure 11. This is the same region as Figure 10 imaged subsequently

to Figure 10. Note that the etched region has either been smoothed

or is more stable to tunneling resulting in a smoother appearance.
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Figure 1.

STM image of (001) GaAs surface imaged
prior to etching
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Figure 3.

STM image of GaAs
Prior to etching
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Figure 4.

STM image of the surface of
Figure 3 after etching
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Figure 5.

STM image of an
etched surface of p-type GaAs
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Figure 6.

SM Image (left-side) and oscilloscope trace (right-side)

of a partially etched feature
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Figure 7.

STM image and oscilloscope trace of
Figure 6 subsequent to complete etching
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Figure 8.

STM4 image of etched pit
on GaAs surface
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Figure 9.

STM image of etched pit

on GaAs surface



Figure 10.

STM image and oscilloscope trace of an etched feature
immediately after etching
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Figure 11.

STM image and oscilloscope trace of

Figure 10 subsequent to Figure 10 imaging
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Concluio

Based on the phase I research it is obvious that the STM can be

used for etching p-type GaAs in a two-step process: the first is

reductive decomposition and the second step is oxidative decomposi-

tion to break down the stable Ga layers. Attempts to accomplish to

second step with the electrochemical cell only were not successful.

However, this can be accomplished with the proper parameters. There-

fore, it is probable that p-type GaAs can be etched with the STM in a

single process followed by subsequent oxidation decomposition by

varying the applied potential only.

The second major conclusion is that features much smaller than

the micrometer level can be produced with the STM parameters used in

this research. Since the goal of the phase I research was to demon-

strate micrometer sized features, large currents ranging from several

nanoamperes to microamperes were utilized for processing the surface

resulting in little effect of the tunneling current on the tunneling

feedback loop. Faster scan rates than the approximately 1 micrometer

per second used in this research would result in better control and

smaller features and lower the processing time substantially. There-

fore, faster scan rates, which are feasible, should be an objective

of subsequent research.
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