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Summary

"Au and AI Schottky Barrier Formation on GaAs (I00)
Surfaces Prepared by Thermal Desorption of a Protective

Arsenic Coating"

Chris J. Spindt, M. Yamada, Paul L. Meissner, Ken E. Miyano, A. Hen'era, William E.
Spicer, Aloysius J. Arko, J. M. Woodall, and G. D. Pettit

Photoelectron spectroscopy has been used as a tool to investigate the initial stages of
Schottky barrier formation on Ga.As (100) surfaces. This is a popular technique that has
been used by many researchers in the past to measure the band bending (or shift) of the
valence band and conduction band (a measure of the Schottky barrier shift), while the
Fermi level remains fixed at the system ground (i.e., the ground of the spectrometer). Metal
deposition on a sentico_lductor surface can alter the Schottky barrier at the surface and pin
the Fermi level near the middle of the energy gap. Extremely clean and crystallographically
perfect surfaces are required in this study. Toward this end, a method of protecting the
GaAs surface was employed which consists of capping the GaAs surface with a layer of As.
Upon introduction into the high vacuum system the As is thermally desorbed, revealing a
pure GaAs surface.

Our work was motivated by a previous study (Brillson et al.) on similarly capped
specimens, which suggested that metal overlayers do not pin the Schottky barrier in GaAs.
Barrier heights varied by as much as 0.75 eV between A1 and Au overlayers. This large
energy range is a striking result in view of the fact that a considerable number of prior
studies on both (110) and (100) surfaces have found that ali metals will pin within a narrow
(0.25 eV) range at midgap. We repeated the measurements of Brillson on the identically
doped samples used in their study using the two extreme range metals of Au and A1 as
overlayers. We found that the barrier height measurements on low doped n-type samples
used in this work and in the previous work are affected by photovoltaic effects, even at
room temperature. This was determined from taking spectra at a number of temperatures
between 20 K and room tempera.rare and looking for shifts. At room temperature there is
still a non-zero slope to the photovoltaic shift. Photovoltaic shifts are seen normally below
-- 250 K where the barrier height is sufficient to prevent thermionic emission of electrons
from the bulk to the surface and thus shorting out the photovoltaic effect. The large, 0.85
eV, barrier in GaAS, however, raises this temperature to above 300 K. Heavily doped
samples showed no photovoltaic effect.

With these techniques the Schottky barrier pinning between Au and A1 was found to
range within 0.25 eV. These remaining differences still need further investigation.
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Soft x-ray photoemission spectroscopy has been used to investigate the initial

stages of Schottky barrier formation on GaAs (100) surfaces prepared by the thermal

desorption of an As cap. This work was motivated by a previous study [Brillson, et al., J.

Vac. Sci. Tech. B 6 1263 (1988)] of identically grown and caPtx_ samples which reported

"unpinned" Schottky barrier formation, with barrier heights falling over a wide range (0.75

eV) of energies. This large energy range is a striking result, as a considerable number of

prior studies on both (110) and (100) surfaces have found that all metals will pin in a

narrow (0.25 eV) range near midgap. Since Au and Al are the extremes of the larger 0.75

eV span of Schottky barriers, we have studied the deposition of these two metals. We

found that the barrier height measurements on the low doped n-type samples used in this

work and in the paper referenced above are affected by photovoltaic effects, even at room]

temperature. These photovoltaic effects cause shifts in the band bending which are an

artifact of the measurement. We also performed measurements on more heavily doped

samples, and the photovoltaic effects were removed. In addition, we point out that Au-Ga

alloying makes the case of Au potentially misleading. With the photovoltaic effects



removed, and the Au-Ga alloying carefully accounted for, wc found that the barriers

heights for Au and AI differ by only 0.25 eV.

Introduction

It has recently been reported that a wide range (0.75 eV) of Schottky barrier heights

could be obtained on the GaAs (100) surface prepared by MBE (ref. 1). This is an

extremely interesting result, which could be of great practical importance. However, the

measurements have yet to be reproduced by any other group. Because of this, we have

undertaken an independent study of identical GaAs samples, in the hope of confirming and

understanding the previous work.

Prior to the work of ref. 1, it had been found by many workers that the interfacial

Fermi level position for metal-Ga.As systems fell in a narrow energy range near rnidgap for

either the (110) or (1t30) surface. The new result of the wide range of barrier heights was

explained in terms of two factors. First, "Lhchigh quality of the non arsenic rich MBE

material used in ref. 1 resulted in a reduction of the density of electrically active near-

surface defects, such as the As antisite (ref. 2,3). More importantly, in order to explain the
--

inability of metal induced gap states fM/GS) (ref. 4-8) to pin the surface Fermi level at mid-

gap, it was proposed that the (100) surface was terminated in an insulating reconstruction

which would screen out these pinning states (ref. 9). This issue will be discussed in detail

in a separate paper (ref. 10).

We have found that there are several complications to the measurement and analysis

of the photoemission data taken during the deposition of A1 and Au on these surfaces. We

performed experiments on both n=5xl016 cm "3 (as was used in ref .1) and on n=5xl0 lg

cm -3 doped material. In the n=Sxl016 cm -3 samples we found that there was a significant

photovoltaic band flattening (ref. 11,12) even at room temperature. This photovoltage can

occur because of the combination of the large n-type barrier height (=0.85eV) and low

doping (5x1016 cm -3) of the samples used here and in the n-type work ofref. 1. As will be



discussed, these photovoltage shifts can lead to errors in.the band bending measurements

for which it is difficult to correct. We do not find a large range of barrier heights, but

instead a difference between the two metals of only 0.25 eV, which is quite similar to the

values commonly reported in the literature, for example, in ref. 13. We see large shifts in

thesurfaceFermilevelduringthemetallizationonlyonthelowdopedsampleswhichshow

thesurfacephotovoltaiceffect.Inadditiontothephotovoltaicproblem,alloyingbetween

Au andGa cancomplicatetheextractionofbandbendingfromtheAu photoemissiondata.

Exr_zfimental

The photoemission experiments were performed on the grasshopper

monochromator beamline HI-1 at the Stanford Synchrotron Radiation Laboratory (SSRL),

beamlin¢ U3C at the National Synchrotron Light Source (NSLS), and the

monochromatized He discharge lamp at Stanford Electronics Laboratories (SEL). In the

work at SSRL and SEL, data was taken using a Phi cylindrical mirror analyzer, while at

NSLS, aVSW hemisphericalanalyzerwas used.The GaAs was epitaxiallygrownatIBM

on degeneratelydopedsubstrates,andwas dopedwith5 X 1016cm -3or5 X 1018cm -3Si,

and thengivena protectivecoatingofarsenic.Thesesampleswerepreparedinthesame

laboratoryasthoseofref.1by thesame techniqueandwerebelievedtobeasidenticalas

possible.The waferswereshippedfromIBM toStanfordundervacuum wheretheywcrc

storedinvacuum Ltapproximately2 X 10-7torr.The sampleswere briefly(<5rain.)

exposedtoairwhilebeingindiumbondedtoamolybdenum sampleholderandloadedinto

theanalysischamber.Photoemissionspectratakenbeforeannealingshow a singleAs 3d

peakandno Ga 3demission.,indicatingthatthearseniccapwas intact.

InordertoremovetheAs coat,thesampleswereannealedbya resistivelyheated

Ta f'flamcntmountedbehindtheMo sampleholder,andthetemperaturewas monitoredby a

chromel-alumelthermocouple.InadditiontotheInbonding,thesampleswereheldinthc

frontby 4 smallPtclips.The heatingcycleswcrc typicallya 15 rain.ramp tothc

maximum temperature,which was heldconstantfor8 rain.The maximum chamber



pressure during decapping was about 1 X 10-9 torrand was between 1 and 3 X 1@10torr

at the end of the 8 rain. Details of the (100) surfacesproducedin this way will be reported

elsewhere (ref. 10). Au and A1depositions were made using resistively heated tungsten

baskets, and the thicknesses were measu_redusing a quartzoscillator thickness monitor.

Au depositions were done at pressures in the low 10 "10 torr range, and the A1depositions

were done in the high 10"10 torr range.

Schottky_Barrier Measurement using photoemission

Photcemission has been used extensively by many workers to measure band

bending in semiconductors as a function of the deposition of various materials. This is

typically done by monitoring the movement of electroniccore levels, such as the As 3d and

Ga 3d. The binding energy of these core levels will shift Coend)with the valence band and

conduction band, while the Fermi level remains fixed with the system ground.

During our studies of the Schott_ barrierformation, several difficulties became

apparent. Since our samples were identical to those in ref. 1, these difficulties must have

also been present in that priorwork.

_Itaic BandFlattening at RoomTem_t_erature

As we stated above in the experimental section, we set out to study samples which

were as identical as possible to those used in ref. 1. The first wafer we studied was made

to the specifications of the earlier investigators, and was an n-type epi-layer doped with

5x1016 cm-3 Si. We studied the deposition of several different metals on samples taken

from this wafer and found that the photoemission peaks moved around significantly,

suggesting that there was a great deal of movement in the surface Fermi level with metal

deposition. Eventually we realized that the large shifts in the photoemission peaks werenot

due to movement of the dark Fermi level, but rather to photovoltaic band flattening (ref.

11,12) caused by electron-hole pair formation in the depletion region. This was at first

surprising, since the calculations (ref. 11) indicated that there should be no photovoltaic

effect at room temperature, even for doping as low as 1 x 1016 cm 3. The calculations of



ref. 11 were made for a typical barrier height of 0.65 eV, and showed that there will be a

photovoltaic shift in the spectra for temperatures at or below 250K. Above this

temperature, thermionic emission of electrons from the bulk to the surface will prevent the

development of a large photovoltage, and the measurements will give the true, dark band

bending. The difference is that the n-type barrier height in our case is closer to 0.85 eV.

This is important because the barrier height appears exponentially in the equations of ref.

I 1 along with the temperature. The effect of this barrier height diff_ence will be roughly

to shift the temperature dependence by a factor of 0.85/0.65, meaning that the onset of the

photovoltaic effect will occur closer to 327K, or 54C. A simple way to check for

photovoltages at room temperature is to take spectra as a function of temperature and look

for shifts. A plot of the change in the As 3d peak position with temperature (whose shift

represents the apparent change in barrier height due to the photovoltaic band flattening) is

given in fig. 1. This reversible shift during cooling and warming conclusively shows the

surface photovoltage at 25C. Although our temperature measurement was not calibrated

for this temperature range, the dependence is similar to that predicted by ref. 1I.

TIds effect can partially explain the wide range of initial positions for the Fermi

level reported in ref. 1. In UHV, the sample will tend to equilibrate to room temperature

slowly through the last SOC or so. Depending on how long the sample was allowed to

cool, the measured Fermi level position can vary over a range of a few tenths of an electron

volt. To a lesser extent, the barrier height measurements will depend on the photon energy

and flux used (ref. 11). This could lead to a ploblem which would result in an incorrect

final barrier height determination even if the photovoltage is shorted out at high coverages.

For example, valence band spectra taken using a low flux of low energy photons will create

fewer electron-hole pairs and have a relatively small photovoltaic shift. The initial clean

surface Fermi level position could be obtained by comparing; the valence band maximum

from such a spectra to a Fermi edge reference. If this Fermi level starting point is l_en

assigned to a clean core level spectra which is taken at a higher flux of higher energy



photons and contains a larger photovoltage, then the difference between the two

photovoltages will carry over as an error in the final barrier height determination, even if

the highest coverage contained no photovoltage.

By way of summarizing this section, photoemission spectra from low doped

samples are unreliable unless extreme care is taken to measure the photovoltage accurately

and account for it. However, it makes far more sense to simply do the experiments on

more heavily dope/.i material.

Aluminum and Gold Schottky Barriers
D

Of the barrier heights reported in ref. 1, Au is the most different from previous

reports of metal contacts on GaAs. We have studied Au deposition on both n = 5 x 1016

cm -3 and n = 5 x 10is cm -3 doped layers. The raw As 3d data is shown for the low doped

sample in figure 2a, and the heavily doped sample in figure 2b. The most striking

difference is of course the large shifts seen in the early coverages _or the lower doped

sample. The band bending is plotted as a function of coverage irt figure 3. We find that the

final band bending value is reached by the 2 ML coverage for the low doped case, and by

the 1 ML coverage in the heavily doped case. The total change in barrier height for the low

- doped case is only 0.15 eV, while in the lightly doped case, the change is a substantial 0.35

eV. Note that this difference in energy is just what we measured for the photovoltaic band

flattening in fig. 1. In the case where the photovoltage is important, the larger shifts occur

when the deposition "shorts out" the photovoltage by prev_ding an alternate electrical path

from the surface to ground. This shorting out process will depend on the exact details of

sample mounting and overlayer morphology and could vary from experiment to

experiment.

The measurements of ref. 1 indicated that additional Fermi level movement occurs

up to higher Au coverages, even above 10]_. Although this is not the case in our

experiments, it is true that the centroid of the Ga 3d peak continues to shift to higher kinetic

energy, the direction which indicates increased band bending on n-type. This can be seen
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for the heavily doped Ga 3d spectra in figure 4. This shift led to reports of anomalously

high barrier heights in earlier work on cleaved GaAs(110) (ref. 14). These reports of high

barrier heights were subsequently proven incorrect as is documented extensively in ref. 15.

The reason for this shift is not band bending, but rather the formation of Au-Ga alloys

when the Au reacts with the GaAs. In figure 5, the true band bending is compared to the

band bending obtained by simply following the centroid of the Ga 3d. This shift is the

reason for the incorrect high barrier heights reported in reference 14, and also strongly

resembles the barrier height vs. Au coverage curves of reference 1. Such shifts do not

occur in the As 3d's as can be seen from fig. 2b (see also ref. 15).

The Ga 3d electrons taken at hv=80 eV have a kinetic energy of --55 eV and

therefore a very short escape depth of-5,/_. Because of this, the Ga 3d signal comes

almost entirely from Ga atoms in Au-Ga alloy clusters on the surface. By going to very

low kinetic energies, we can increase the escape depth to roughly 30Aand get significantly

more signal from the bulk GaAs. Spectra taken at a constant f'mal state (CFS) kinetic

energy of 3 eV are shown in figure 6. Whereas the photoemission spectra are taken by

timing the photon energy and counting electrons as a function of the electron kinetic energy,

- the CFS spectra are taken by f'txing the kinetic energy and counting electrons as a function

of photon energy. The spectra are interpreted similarly, with the higher kinetic energy

features corresponding to the low photon energies in the CFS spectra. Because of this, the

spectra come out reversed. At the kinetic energy of 3 eV, the increased escape depth of the

electrons means that the meastu'ement samples a greater depth into the material. This

increased bulk sensitivity results in a spectrum which can clearly be separated into a

component from the Ga atoms in the GaAs (which give the band bending), and a

component which is from Ga atoms which are incorporated in the Au-Ga alloy and

dominate the surface sensitive photoemission spectra at high coverages. This spectra

shows clearly that the continued shift of the Ga 3d centroid is due to an alloying effect

rather than true band bending.



In figure 7, we show the band bending vs. coverage curves which result from

experiments which do not have photovoltaic shifts, and for which chemistry and alloying

are carefully accounted for. As indicated, we find only a 0.25 eV difference in barrier

height for A1 and Au, which is in sharp contrast to the 0.35 eV reported earlier. While we

have discussed possible reasons for the difference in the Au barriers, we have yet to

address 'dae 0.25 eV difference in the A1 ca_e. The most likely candidate is the presence of

photovoltaic band flattening. While Au is known to form leaky diodes, even at very low

temperatures (ref. 16), A1 seems to remain unshorted even at high coverages. In fact this

low temperature work (ref. 16) shows that the bands remain flat due to photovoltages at the

highest A1 coverages. In the present room temperature case, a smaller effect could explain

the difference. In any case, the photovoltaic effect casts serious doubt on any claim of

unusually low barrier heights measured by photoemission on low doped samples.

Summary and Conclusionsv

Although the prior workers (ref. 1) reported a range in barrier heights of as much as

0.75 eV for Al and Au, we find a difference of only 0.25 eV for the 2 metals. Our study of

n-type samples which were doped with the same density as was used in ref. 1 showed that

there is a significant photovoltage due to the photoemission measurement. The low doped

samples which show the photovoltaic effect were the only samples which showed large

shifts in the apparent Fermi level position. We point out that the Au experiments have the

additional complication that the Ga 3d continues to shift beyond the coverage at which the

Fermi level stabilizes, giving the false impression of increased band bending on n-type.

From this we must conclude that the differences between the results reported here,

and those reported in ref. 1 are due to differences in interpreting core level shifts caused by

photovoltaic effects and chemistry.
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- Figure Captions.

Fig. 1- The photovoltage as a function of temperature for the clean surface as monitored by
the As 3d shift. The circles are taken while the temperature is decreasing. The x's are
taken upon reheating to show the reversibility of the effect. This is a simple method of
checking for photovol_ges at room temperature.

Fig.2-As 3d vsAu coveragefor(a)lightlyand(b)heavilydopedn-GaAs.Notethatthe
shiftsarecompletedatcoveragesbelow3ML. The largershiftsinthelighdydopedcase
a._duetotheshortingoutofthephotovoltagebytheAu overlayer.

Fig.3-PlotoftheSchottkybarrierheightvs.Au coveragefortheHghtandheavilydoped
case.The largeshiftsanddifferentstartingpositionofthelowdopedcaseisduetothe
photovoltaicshift,anditssubsequentremovalbyAu deposition.

Fig. 4- The Ga 3d spectra corresponding to the As 3d in figure 2. Note that the centroids
of the spectra continue to shift at coverages which arc higher than the band bending
saturation coverage. This is due to the formation of clusters of Au-Ga alloy.

Fig.5-Band bendingvs.Au coverageascI_tenninedcorrectly(solidsquares)orby
followingtheGa 3d centroid(unfdledsquares).The additional"bandbending"determined
bytheGa 3dcentroidisduetothechangingchemicalenvironmemofGa inthe'Au-Ga
alloy.

Fig.6-Constantf'malstate(CFS)Ga 3d spectrumfor10ML ofAu. Inthisspectrum,the
kineticenergyissetat3 eV,andthephotonenergyisvaried.The spectracome out
reversed from left to right when compared to the photoemission spectra in figure 4.
Otherv_se,thisissimilarto the80eV photoemissionspectrawiththedifferencethatthe
spectrum is far more bulk sensitive due to the reduced inelastic scattering at low kinetic
energies. With this greater bulk sensitivity, the Ga 3d signal from Ga atoms can be clearly
separated from the shifted Ga 3d in the Au-Ga alloy.

Fig.7- Band bendingvs.AIandAu coveragedeterminedfortheheavilydopedsamples.
Intheabsenceofphotovoltaiceffectsthemarcnolargeshiftswithcoverageandthe

_ differencebetweenthetwo metalsisonly0.25eV.



A

> 0.0 -- o

w -- • OX
t_ •W
= 0.1 -- •
0 Xo
=_ •
0 -- •
0
= 0.2 -- •
a. •

300 120 80 60 40 20 0

Thermocouple reading (oc)

TIgure 1



Figures 2a and 2b



figure 3



- I....'- --I " --I/t_l ....'- -I-- ' -- I -

._'_'*-"• heavily,//" ...\ Ga3d , I--I Ga3dCentroid

° .°ooe0//\\ ev,= I Actual Band Bending

__ -_ //_\\_..22 >oo._--t_ "_ _. iii

o.o__o
° // , , , ,0 "1" "0

_ _ °

= ; ._ _ 11-- I-1
"" _ 12--tO 13:1 "

2oML i I t ! _"
!....,........,.........,.........,.........,.._

s5 _ _ 01 5 10 20

Kinetic Energy (eV) Au Coverage (ML)
fig.4 fig.5

8

8
,'n .

26 27 28

Photon Energy (eV)

fig. 6



[_ Aluminum
1 Gold

_ o.7-- r-I
0 E3 [3

--08-- t¢-

•_ 0.25 eV

-r- 0.9--t..__

1.0-- I I --oi
ii

m 1.1--
I ', I I
0 1 3 7

Coverage (ML)

fig. 7






