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UNPINNING OF THE FERMI LEVEL ON GaAs BY FLOWING WATER

The Fermi level on GaAs (100) surfaces has been unpinned by exposure of

specimens to flowing water and light. I We describe experiments In which we

demonstrate unpinning of the surface Fermi level on n-type GaAs (100) surfaces

both photoohemically and by exposure to flowing water in the absence of light.

The Fermi level on GaAs Is "pinned" by charge trapped in surface

states. It has been proposed that the electronic states responsible for Fermi

level pinning are associated with metallic arsenic (As O ) and As2 03 , and that

unpinning can be explained by the chemistry of these species In water. 1 As2 03

is readily soluble in water. 2 Although Insoluble In water free of dissolved

oxygen, As0 is oxidized to soluble As +3 in water containing dissolved oxy-

gen. 2 In addition, As0 can also be oxidized photochemically to a soluble

species by holes generated by incident light. We have Investigated the

effects of two important factors, smple surface preparation and oxygen

concentration in the wash water, on Fermi level unpinning. Our results give

further insight into the unpinning mechanism, and In particular help elucidate

the roles of both As0 and .As2 03 in Fermi level pinning.

The samples were n-type silicon-doped GaAs (100) (0 to 5 X 10I17/o 3 ) and

were polished by the manufacturer (Morgan Semiconductor, Inc.). The samples

were either used "as received" (after a standard degreasing process) or were

etched with H2SO4/H 2O (1:1 by volume) for 5 minutes.

On "as-received" GaAs, the native surface oxide is a mixture of Ga203 and

As203, with a relatively small amount of As
0 .3 On etched material, most of

the bulk oxide is removed, and the surface concentration of As0 is

Increased. The surface Fermi level was found to be pinned on both

as-received and etched GaAs.

We used photoluminescence (PL) as an Indicator of Fermi level

unpinning. 1  As the Fermi level unpins, the band bending, and the associated

electric field, decrease. Photoelectrically generated electron hole pairs

thus are more likely to recombine radiatively before being separated by the

field, and the PL Intensity Is enhanced accordingly.



Samples were "unpinned," as evidenced by increased PL Intensity, simply

by washing them in a stream from the laboratory deionized (DI) water tap

(oxygen concentration: 5 ppm) while exposing them to the light from a 150 W

miroecope Illuminator. Under these conditions, we found that the Fermi level

was unpinned only by simultaneous exposure of specimens to water and light, in

agrement with the results of ref. 1.

In this report, we present the results of experiments conducted to study

the effects of deoxygenated and oxygen saturated water on "as-received" and

acid etched GaAs. In order to carry out these experiments under controlled

conditions, an apparatus which provides both for sample washing and drying and

PL measurement was constructed. Samples were mounted on a spinning chuck. A

stream of DI (18 megohm-cm) water, fed from a glass reservoir pressurized by a

gas (nitrogen or oxygen) bubbler, was directed onto the sample through a sy-

ringe. The reservoir is either pressurized by oxygen, which saturates the

water with oxygen (41 ppm at 25 0 C), or with nitrogen, which reduces the oxygen

content of the water to a very low level (< 0.1 ppm). The ,amples were then

dried by spinning them in a stream of nitrogen or air. These jets of gas

could be heated. After drying, PL measurements were made using a chopped 15

mW helium-neon laser (632.8 nm) as an excitation source. The HeNe laser was

focused through a lOX microscope objective to an approximately 2 mm spot on

the sample surface for PL excitation. A 100 W quartz-halogen lamp can also be

focused through the objective to the same spot to stimulate photochemical

reactions. The bandgap PL radiation from the specimens at 860 nm was

synchronously detected after passing through an Oriel one-eighth meter grating

monochromator. An optical filter (Schott RG 695) eliminated stray exciting

light.

We first describe the results of the experiments in which the wash water

was thoroughly deoxygenated by bubbling nitrogen. As-received samples

Initially washed in the dark showed a factor of 2 increase in the PL intensity
over the PL signal level before unpinning (background). Some reduction of
surface state density and an associated PL intensity increase would be

expected just by washing as-received material in deoxygenated water as the
dominant As203 is removed. After more washing with the tungsten lamp on,
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Samples showed a further increase in PL intensity over the enhancement

observed without illumination, to about a factor of 3 over the background.

Photochemical reactions lead to only a modest additional PL increase because

As0 is not a major surface constituent, and a photochemical reaction is

therefore not required for a significant Increase in PL to occur. Samples

pretreated by washing In the H2 SO4/H 2 0 etch, followed by deoxygenated water

rinse and nitrogen drying, showed at best only a slight enhancement of the PL

intensity without illumination. Washing these samples while illuminated by

the quartz-halogen lamp produced a substantial increase in PL intensity,

typically by a factor of 3. These observations are both explained if As 0 ,

insoluble in oxygen-free water but oxidizable photochemically, is the dominant

surface species. We also observed that, once unpinned, the PL intensity after

decay can be increased to its original value by water washing alone. This

observation implies that the surface repins by interaction with atmospheric

oxygen to form a soluble species, such as As 2 03 , which can be removed easily

by further washing.

The time dependence of the PL intensity when samples unpinned by flowing

deoxygenated water were exposed to a stream of heated air or to heated

nitrogen is also consistent with the arsenic/arsenic oxide model. With heated

air exposure, a PL decay with a pronounced temperature dependence is seen,

while the PL intensity decays much more slowly in the stream of heated

nitrogen (Fig. 1). The surface thus "repins" when the GaAs is oxidized !n

air.

The PL intensity is also increased by alternating cycles of specimen

heating and washing with deoxygenated water. After an initial washing, the PL

intensity of an as-received sample increased by a factor of 2. The sample

surface was then exposed for 15 seconds to 1700 C air, which caused the PL

signal to decay to its initial intensity. This procedure was repeated three

times, with signal enhancement noted over each cycle, after which a maximum

Intensity was reached. Heating apparently converts any residual insoluble

As0 to soluble As203 , which then washes away. Each cycle thus leads to an

Increase in PL intensity until all of the As 0 that is initially on the surface

Is oxidized and removed.
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Fig. 1. PL Intensity vs. Time (Arbitrary Units, Data Normalized to 100 at
Time Zero). Asterisk - 230C; diamond - 500C; triangle - 1000C; square
- 1500C. (a) Specimens in heated air; (b) specimens in heated
nitrogen.
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In contrast to deoxygenated water, in which As0 is insoluble, both As203

and As0 are soluble in oxygenated water. In the next series of experiments,

we studied the effects of water saturated with oxygen on as-received and acid

etched specimens. The PL intensities as a function of the cumulative time of
washing for an as-received specimen washed in oxygen saturated water and, for

comparison, an as-received specimen washed in deoxygenated water, are shown In

Fig. 2. These data were obtained by alternately washing specimens for various

times, then drying them and measuring their PL intensities. The PL intensity

decays with time, and the data represent the maximum intensity attained after

each washing. With oxygen saturated water, the PL intensity reached a maximum

at about 2 minutes, then dropped rapidly. With deoxygenated water, the PL

intensity reached a maximum and did not decrease appreciably with further

washing.

In deoxygenated water, as-received material is unpinned, at least

partially, when the predominant arsenic species, As2 0 3 , is dissolved. Some

residual As0 may remain on the surface, but no new oxidized arsenic species

can form. Figure 2 suggests that, when as-received GaAs is washed with oxygen

saturated water, As2 03 goes Into solution while As0 is first oxidized, then

also goes into solution. The removal of these two arsenic species from the

surface leads initially to an increase in the PL intensity, even above the

level recorded for washing in deoxygenated water. However, we believe that

after a few minutes of washing a surface oxide layer, largely Ga 2 03 . is formed

on GaAs. This insoluble oxide layer interferes with oxygen transport to the

GaAs substrate and with the transport of As+3 away from the substrate. As203

may thus be stable, or at least In dynamic equilibriLum, at the interface, and

the surface cannot be maintained in an unpinned condition. It has been

reported that GaAs surface oxides may be removed by flowing water under some

conditions. 5 Our data, however, are better explained by the formation of a

passivating oxide layer as suggested in ref. 1. We have found that surfaces,

once exposed to prolonged washing in oxygenated water without light, cannot be

unpinned by washing with oxygenated water while illuminated. This observation

is consistent with the hypothesis of a passivatIng oxide layer. The photochem-

ical unpinning process requires the access of chemical species to and from the
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surface. Photochemical unpinning is impeded when surface access is blocked by

an oxide layer.

Additional experimentation is essential for complete understanding of the

surface chemistry of Fermi level unpinning, but we have presented a consistent

explanation of our observations. In addition to unpinning by washing in the

presence of light, we have demonstrated that the Fermi level on n-type GaAs

may be unpinned by the action of flowing water alone.
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LABOSATOST OPBRATIOM

The Aerospae Corporation functions as an "architect-engineer" for
national security projects, specialiuing in advanced military space sytems.
Providing research support. the corporation's Laboratory Operations conducts
experimental end theoretical Investigations that focus on the application of
scientific and technical advanes to euch systms. Vital to the success of
these Investigations to the technical staff's wide-ranging expertise and its
ability to stay current with new developmets. Ibis expertise is enhanced by
a research programa&lead at dealing with the may probems associated with
rapidly evolving space systems. Contributing their capabilities to the
research effort are these Ied ividual laboratories:

Asof"c laoagsLaunch veicle ad reentry fluid mechanics. beat
trnse s lgtdnm cemidcal end electric propulsion, propellant
chemistry, chemical dymenics, environmental chemistry, trace detectian;
spacecraft structural macbems, contamination. thermal and structural
control; high temerature therumechenics, gas kinetics and radiation. cw ad
pulsed chemical sad excloer Userw development including chemical kinetics.
spectroscopy. optical resonators, bae control. atmospheric propagatiem. laser
effects adcountermeasurs.

Chemstr 0 M ce abortor. Amospheric choeial reactions.
o"WOG-Mortes.lieuscaterngstagse Ifiecemical react ios sad

radiative eigneture of olssile plume, emer set-of -fisldr-of -view rejection.
applied laser spectrsseopy. laser chemistry, laser epteelectremica. **lar cell
physics, buttery elogtreehoustry, spes warn radiation effects an
materials, lubrication aind surf ass phenomena. thermiamic emission. photo-
sensitive materials emd detectors, atomic froeuey standards, sad
enviromental chemistry.

2!!S!L6!!Wft lbSL t rorm eifctin pegre tranlation.
perfmt sysem ool" ditribtedarchitectures for speceherma

computers. fenmleet computer system, artificial tallomee. micro-
electrenics applications, comuication preteease mad emapmaer security.

Blectronis hegmr Laborator M icreelectronics. solid-state device
physics , Iepse semiesductee notation hardening a *lset eptile. qemu
electronics. solid-state laser, optical propagatien end esmeoicattms;
micrwms emiconductor devices. arsumve/mIlliefter move smemente.
dianomst ics end radiemotry, msrimve/stilbontee wase thermaic deviems;
atemic tie ad frequey standArds; asteams, rf system. slectroeogmtic
propagation phenmenma, opens commnicat ion systems.

mawtl ftI evelopent of men mterls3 mtals,
aluMeat, p e~ i eCoposite*. en r form of carbon; aoe-
destruetive evalustiem, component failure enalysis MWreliability; fracture
mesemics end stre awees; saels sad evaluation 09 materials at
cryasa eOd elevated temperates as wall s to specs sand eneg-induced
environents.

IIn" jigS f1I Mosteeghsric, auwral sad coemic ray
PhscWvrpcl ina t ees, * gstempheric plasma moves; atmospheric
aWndsepheric physics, density sand omeposition of the apper atmeephere,
remote seneiog using atmospheric radiatien; color physics, Imfrared fttremag
Infrared signature anelysis; effects ad enar activity, megmtte stem end
mucleer suplesism OR the earth's atmsphere, isephere sa" agnetophere
ef fects of eleetemgmtic ad part icalate rediatioma so spa"s system sase

g iesarinmtation.
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