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We have used soft x-ray photoemission spectroscopy measurements to demonstrate that metal
GaAs interfaces can exhibit relatively unpinned Fermi level (Ef ) movements. For dean GaAs 
( 100) surfaces obtained by molecular-beam epitaxy (MBE) growth and thermal decapping of a 
protective As overlayer, the metals Au, AI, Cu, and In produce a O.6-0.7-eV range of Ef 
stabilization. For a given metal, this stabilization occurs at the same energies for n-type and p-type 
GaAs. Furthermore, Ef movements are metal-dependent and can evolve over multimonolayer 
coverages. These results are examined with respect to pronounced differences in semiconductor 
quality between MBE versus melt-grown GaAs and in the context of previous GaAs Ef' 
measurements. A self-consistent analysis of the junction electrostatics accounts for the functional 
dependence of barrier height on metal work function. The results highlight the importance of bulk 
quality as well as interface specific phenomena in controlling the Schottky barrier formation at 
metal/III-V compound semiconductor interfaces. 

I. INTRODUCTION 

Schottky barrier formation at metal-GaAs interfaces has 
been studied extensively over the past two decades,I-3 both 
for its high-speed technological applications4 as well as its 
fundamental behavior in relation to the Schottky barrier for
mation oflH-V compound semiconductors. 5-,7 It is a com
mon and widely held belief that metal contacts to GaAs pro
duce only a narrow band of Fermi level stabilization 
energies,2.,,15 regardless of the metal work function and that 
this behavior is representative of many metal-semiconduc
tor interfaces, particularly those of III-V compound semi
conductors. 2

•
3

•
8

-
1O Efforts to account for this Ef "pinning" 

have produced a number of physical models including: (1) 
chemisorption-induced defect formation,IO·I3-15 (2) effec
tive work function, [6 (3) metal-induced gap states deter
mined by semiconductor band structure, 17 (4) metal-in
duced gap states due to metal bonding and/or interdiffusion 
with the semiconductor,18.19 (5) chemically induced di
poles, 20 and (6) virtual gap states combining aspects of (3 ) 

and ( 1 ).21 Over the past two years, surface science measure
ments of metals on the In,Ga1_xAs (l00) (O<.;x< )pseu
dobinary alloys,22,23 InAs ( ! 10),23 and GaP (110) 24.25 sur-
faces have revealed unpinned and even near-ideal, 
Schottky-like behavior. These results comprise a major part 
of the limited data base for clean metaVIII-V compound 
semiconductor interfaces. In fact, examples of strong pin
ning appeared to be limited to GaAs and, to a lesser extent, 
InP. 

We have now discovered that the metal-GaAs interface 
can exhibit relatively unpinned Ef movements. Metals on 
clean molecular-beam epitaxially (MBE) grown GaAs ob
tained by thermal decapping of a protective As overlayer22

,23 

exhibit a 0.6-0.7 e V (or larger) range of Ef stabilization. Ef 
stabilization occurs at the same energies for n-and p-type 

GaAs, as expected from a self-consistent analysis of the junc
tion electrostatics.26

,27 Indeed, such an analysis reveals that 
the presence of an acceptor state with mid-l 013 cm - 2 density 
at -0.2 eV above the valence band edge is compatible with 
the dependence of measured Schottky barrier height on met
al work function, Furthermore, Ef movements are metal
dependent and can evolve over multimonolayer coverages. 
Varying surface Ga-to-As ratios indicate that initial surface 
composition and reconstruction do not dominate the final 
metallGaAs band bending. Previous work on clean, ordered 
GaAs interfaces without air exposure was based entirely on 
measurements of cleaved, melt-grown GaAs. We can now 
show that in general such material has orders-of-magnitude 
higher densities of deep trap levels than MBE-grown GaAs 
and that the energies of these levels are well-suited to ac
count for room-temperature as wen as low-temperature 
DHV interface pinning results. Recent cathodolumines
cence measurements also show a contrast in deep levels pres
ent within the surface space charge region and reveal the 
electronic contributions of As-derived and metal-induced 
states at reduced bulk trap concentrations. 28 This interplay 
between As-derived, metal-induced, and bulk-trap-re1ated 
states provides a straightforward explanation for past GaAs 
results, both melt- and MBE-grown, DRV as wen as chemi
cally treated. These results highlight the importance of bulk 
crystal quality as well as interface-specific phenomena in 
controlling the Schottky barrier formation of metal/III-V 
compound semiconductor interfaces. 

II. EXPERIMENT 

We performed soft x-ray photoemission spectroscopy 
(SXPS) measurements of the Ga and As core levels with 
metal deposition in order to monitor the GaAs Ef move
ments as the Schottky barriers formed. We measure bulk-
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sensitive SXPS spectra of As 3d and Ga 3d core levels using 
hv = 60 and 40 e V, respectively, and surface-sensitive As 3d 
and Ga 3d core level spectra using 100 and 80 e V, respective
ly.29 These energy sets produce photoelectrons with identi
cal escape depth and thereby identical depth resolution for 
both elements. Comparison of bulk versus surface-sensitive 
spectra allow us to monitor Ef changes and band bending 
with metallization from rigid core level shifts (bulk-sensi
tive) versus any chemical shifts (surface-sensitive). Com
parison of bulk versus surface-sensitive spectra provided a 
means to identify and separate effects due to chemical bond
ing changes. Failure to take this chemically shifted compo
nent into account can lead to erroneous values of band bend
ing, particularly under low resolution conditions. 

The initial Fermi level position relative to the valence 
band edge is determined by the valence band difference 
between the extrapolated leading edge of clean GaAs versus 
the midpoint of the leading edge of a thick Au film grounded 
to the photoelectron analyzer. Overall resolution of the core 
level spectra analyzed here is 0.23-25 eV for hv = 40-60 eV 
and 0.26--0.37 eY for hv = 80-100 eV. A valence band spec
trum of a thick (100 A) Au film deposited on a Ta substrate 
in contact with the GaAs established the initial Ef position 
of the clean semiconductor. Metal evaporation took place in 
an ultrahigh vacuum (URV) chamber (base pressure 
p= 8X 10-- 11 Torr) from W filaments with a pressure rise 
no higher than mid-1O- 9 Torr. A quartz crystal oscillator 
near the semiconductor substrate monitored the thin film 
depositions. 

In order to obtain clean, ordered GaAs ( lOO) surfaces, we 
used MBE-grown GaAs films which were "capped" imme
diately after deposition with several hundred monolayers of 
"cracked" As as protection against ambient contamination. 
These caps were thermally desorbed in URV to provide 
clean ordered surfaces, as determined by valence band (VB) 
photoemission and low-energy electron diffraction measure
ments. This desorption procedure involved several stages at 
temperatures up to 600 °e. 28 Desorption at the highest tem
peratures required only a few seconds, as determined from 
the rise and fall in chamber pressure. The 40 eV VB spectra 
exhibit a characteristic set of peak features which are par
ticularly sensitive to ambient contamination and lattice dis
ruption. Quantitative data on the LEED reconstruction are 
not yet available. Only a ( 1 Xl) pattern has been observed 
thus far. 23 We obtained characteristic valence band spectra 
for desorption times and temperatures which yield approxi
mately stoichiometric surfaces from normalized core level 
intensities. For the specimens described here, GaAs layers 
7500-A thick (n = 5X 1016_5 X 1017 Si cm- 3 orp = 1 X 1018 

Mg cm-3
) were grown over 2ooo.A thick GaAs 

(n = 2X 1018 Si cm-3
) and on top of an n+ or p+ GaAs 

substrate. This multilayer film structure yielded an un
strained GaAs (l00) outer film and an Ohmic contact 
through the degenerately doped base layers and substrate. 

III. RESULTS 
We measured the band bending produced by deposition of 

Au, AI, Cu, and In on clean, ordered GaAs (100) surfaces 
under URY conditions. The rigid Ga 3d and As 3d core lev-
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el shifts observed by SXPS provided a measure of the band 
bending which occurred during the intial stages of Schottky 
barrier formation. Figure 1 shows Ga 3d and As 3d core 
level spectra for p-type GaAs under both bulk-sensitive [40 
and 60 eV, respectively, in 1 (a)] and surface-sensitive [80 
and 100 e V, respectively in 1 (b)] conditions as a function of 
increasing metal deposition. With initial metal deposition, 
both substrate Ga 3d peaks shift to lower kinetic energy, 

Ga 3d 
hv=40eV 

As 3d 
hv~60eV l 
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FIG. 1. Al/MBE-GaAs (100) p type. (a) Bulk and (b) surface-sensitive 
SXPS features for Ga 3d and As 3d core levels as a function of AI deposition 
on clean GaAs (100). Bulk-sensitive (40 e V) and surface-sensitive (80 e V) 
Ga 3d spectra both exhibit features due to substrate band bending and Ga 
dissociation. Bulk-sensitive Ga 3d and As 3d spectra in (a) exhibit rigid 
shifts due to band bending. The dissociated component dominates the fea
tures above 2 A coverage in the surface-sensitive but not the bulk-sensitive 
spectra. 
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corresponding to increasingp-type (upward) band bending. 
A deposition of only 2 A is sufficient to produce a second 
Ga 3d peak feature due to dissociated Al in both surface- and 
bulk-sensitive spectra. This feature continues to grow with 
increasing Al coverage and the splitting between dissociated 
and undissociated peaks increases. At coverages of 10-20 A 
Al, the bulk-sensitive Ga 3d spectra still provides distinct 
energies for the substrate Ga while the surface-sensitive 
Ga 3d spectra reflect almost entirely the dissociated compo
nent. By considering only the undissociated Ga 3d compo
nent in the bulk-sensitive spectra, one obtains a 0.27 eV total 
band bending. A similar shift is apparent for the correspond
ing As 3d core level shown. Since the starting Ef position 
was Ev + 0.53 eV, Ef moves to 0.80 eV above EYBM We 
followed similar procedures in analyzing spectra for all other 
metals and GaAs surfaces reported here. 

Figure 2 illustrates the Ef movements induced by depo
sition of Au, AI, Cu, and In on both n-type and p-type GaAs 
surfaces. The Ef behavior is strikingly different from that 
reported consistently for URV-cleaved GaAs(110) sur
faces. First, this set of common metals produce a range of Ef 
stabilization energies extending over 0.7 e V from E" + 0.18 
eV to E" + 0.92 eV. This is in contrast to the narrow 0.2-
025 eV range reported for GaAs (1 to) 10,11 and GaAs 
(100) 12. Second, the E f stabilization energies are the same 
for both n-type and p-type GaAs with the same metal. This is 
in contrast to the 0.2 e V separation seen for many adsorbates 
on UHV-cleaved GaAs (110) .10,1 1,13 Third, the Ef stabiliza
tion occurs over 5-20 A in an cases, and not within the sub
monolayer coverages reported for GaAs ( 110).10,11 

The GaAs specimens exhibit a range of 0.35 eV in Ef ener
gies for their initial clean surfaces. The variation in starting 
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FIG, 2, Fermi level shifts within the GaAs band gap for deposition of Au, AI, 
In, and eu on both n-and p-type GaAs ( 100) surfaces. The hj shifts extend 
over 0.7 eV, are the same within experimental error ( ± 0.05 eV) for n- and 
p-type, and evolve over 5-20 A coverages, depending on the metal. The 
initial Ef positions for clean, ordered GaAs are located in a 0,35 eV window 
near mid-gap. 

J. Vac. Sci. Technol. e, Vol. 6, No.4, Jul/Aug 1988 

1265 

energies may be related to differences in Ga:As stoichiome
try, which is known to produce changes in Ei position.3

0,31 

These variations correspond to reconstructions from (4 X 2) 
through (2 X 4). However, significant differences in starting 
energies produce little or no differences in final stabilization 
energies, as evidenced by the Au and Al curves. For Au 
deposition on three n-type and one p-type surfaces, Fig. 2 
shows an Ei stabilization range of 0.3 eV but a final Ef 
spread of only 0.05 eV after 20-A deposition. Likewise, for 
Al deposition on one n-type and two p-type surfaces, Fig. 2 
displays a 0.2 e V initial Ef range but a final Ef spread of only 
0.12 e V. Thus the metal interaction rather than the starting 
surface appears to be dominant in determining final stabili
zation energies. This does not preclude compositional Ef 
effects caused by variations in Ga:As outdiffusion and resul
tant interfacial stoichiometry. Of primary significance, Fig. 
2 demonstrates that metals on GaAs produce a wide range of 
Ef movements which is not constrained to a narrow window 
of mid-gap energies. 

IV. DISCUSSION 

Figure 3 illustrates the contrast between the band bending 
induced by metal deposition on clean MBE-grown 
GaAs( 100) versus melt-grown GaAs( 110) surfaces. Plot
ted versus metal work function24

•
25 <PM are barrier heights 

<P n (left ordinate) and Ef positions below the vacuum level 
(equal to barrier height <P B plus electron affinity Xsc) 

(right ordinate). Comparison of absolute valence band ener
gies for UHV-cleaved (110) and thermally decapped (100) 
surfaces under identical conditions reveals the same binding 

4.25 4.50 4.75 
0 M (eV) 

5.00 5.25 

FIG. 3. GaAs barrier heights <t> Band Ef positions below the vacuum level 
(<t> B +- electron affinity Xsc) plotted vs metal work function, Melt-grown 
GaAs (lID) surfaces exhibit a 0.2-0.25 eV range near mid-gap for a wide 
variety of metals. Only four metals on MBE-grown GaAs (100) surfaces 
exhibit II 0.7 eV range which overlaps the melt-grown band and which 
extends to within 0.2 eV of the valence band, Ideal Schottky behavior ap
pears ill the upper left-hand inset and corresponds to the diagonal line. 
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for both orientations to within the precision of the SXPS 
energy measurements ( ± 0.05 eV). The inset in the upper 
left-hand corner represents ideal Schottky behavior and cor
responds to the diagonal line shown. The melt-grown GaAs 
(110) surface exhibits a 0.2-O.25-eV range near mid-gap for 
a wide variety of metals. On the other hand, only four metals 
on MBE-grown GaAs (100) exhibit the 0.7-eV range found 
in Fig. 2. This 0.7-eV range overlaps the melt-grown band 
and extends to within 0.2 eV of the valence band edge. A line 
drawn through the four data points has a slope S = 0.8 e V vs 
S<0.25 eV for the melt-grown data. However, only the Au 
data point lies on the S = 1 ideal Schottky line. This behav
ior indicates that the GaAs ( 100) surface, while permitting a 
wide range of Schottky barrier heights, still exhibits evidence 
for localized interface charge states. 

The observation of nearly identical EJ positions for the 
same metal on both n-type and p-type GaAs is expected from 
a self-consistent electrostatic model of the interface Ef stabi
lization. For example, Zur et al.32 demonstrated that n-type 
and p-type GaAs approach a common energy asymptotical
ly with interface energies in excess of 1014 donor and accep
tor states cm' 2. The observation of a gap between n-type and 
p-type GaAs can be accounted for by a change in donor/ 
acceptor character for the states localized at the metal-semi
conductor interface.26 Alternatively, the melt-grown experi
mental data may represent the energies before the interface 
has completely evolved.32 

In contrast to the melt-grown data, a self-consistent elec
trostatic analysis provides a simple picture of the interface 
state distribution required to account for the metal-GaAs 
( 100) data. Figure 4 illustrates the results of such an analysis 
based on the generalized formalism of Duke and Mail
hiot.26

•
27 Within this formalism, the energy positions, sur

face densities, and donor/acceptor characters of a set of in
terface states are varied to provide an optimal fit to the data 
points. The curves in Fig. 4 correspond to the dependence of 
barrier on work function for a single acceptor level located 
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FIG. 4. Self-consistent electrostatic analysis of the metal/GaAs (100) data 
points. The generalized model of Duke and Mailhiot provides an optimal fit 
of interface state energies, densities of states, and donor/acceptor character. 
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0.2 eV above EYBM with a selection of interface state densi
ties. The data points from Fig. 3 lie between the ideal 
Schottky limit N < 1012 cm -2, and the strongly "pinned" 
limit N;;dO I4 cm- 2

• A single acceptor with density 
NA = 5X 1013 cm- 2 appears to fit the data most closely. 
Additional data points are required to narrow this density 
range further and to establish whether one or more charge 
states are involved. 

Spectroscopic evidence is available which supports the ex
istence of a modest density of states 0.2 eV above EyBM . 

Viturro et af. 28 have obtained low-energy cathodolumines
cence spectra for As-covered, clean, and AU-deposited 
GaAs (100) surfaces. These spectra show mid-gap features 
already present at 1.0 eV for the clean surface which are due 
to residual bulk traps. With deposition of 10 A Au, two new 
features appear at 0.8 and 1.27 eV. The latter may corre
spond to optical transitions from the conduction band to a 
level 0.16 e V above EyBM • Significantly, the densities of 
states proportional to these emissions are below that of the 
bulk trap emission, which in turn is at least two orders of 
magnitude below those found for UHV -cleaved, melt-grown 
GaAs (110) surfaces. 28 Thus the metal-induced features do 
not dominate the emission from states near the interface, 
consistent with the moderate density of states required by 
the analysis in Fig. 4. The additional feature at 0.8 e V bears a 
strong similarity to the additional state due to the As over
layer and may well be associated with an interface As accu
mulation linked to the Au-GaAs interdiffusion observed 
spectroscopically. Evidence for such accumulation is avail· 
able from STEM measurements. 33 

The barrier heights shown in Fig. 3 indicate much larger 
(smaller) barriers to n-type (p-type) GaAs than believed 
possible until now. Electrical measurements of GaAs pre
pared under nearly identical conditions have now begun and 
preliminary results indicate significantly higher barrier 
heights for Au than previously reported. Such electrical 
measurements of high barriers are complicated by the possi
ble presence of multiple surface phases on a microscopic 
scale with different Schottky barriers, the lowest of which 
will reduce the overall .barrier height disproportionately. 
Scanning tunneling microscopy measurements of ballistic 
charge injection are now available which yield evidence for 
such multiple phases with different bamer heights extending 
up to 1. I eV.34 

Several factors can contribute to the pronounced differ
ence in Schottky barrier formation for melt-grown versus 
MBE-grown GaAs. These include crystal surface orienta
tion, excess As, thermal pretreatment, and bulk traps. Crys
tal orientation produces no major differences in deep levels 
for the relaxed GaAs (110)35 vs (100)36 clean surfaces. 
However, for adsorbates on GaAs, surface electronic struc
ture calculations are available only for GaAs ( 110).37 Such a 
comparison might reveal significant differences in surface 
relaxation and surface state density. However, to our knowl
edge, there exists no experimental evidence for significant 
barrier effects by crystal orientation alone. For example, 
barrier heights for melt-grown GaAs (100) surfaces 12 fall in 
the same narrow range as UHV -cleaved GaAs (110) sur
faces. ll 

. ~. 
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Differences in growth conditions can lead to greater non
stoichiometries for the melt versus MBE-grown GaAs. For 
melt-grown GaAs, an As excess (typically fractions of a per
cent) is commonly employed to reduce dislocation densities 
in the crystal by orders of magnitude':~8 Metal contacts to 
such material can induce interdiffusion and/or reaction, re
sulting in an As segregation to the metallGaAs interface 
which could be larger for melt versus MBE-grown material. 
Woodall and Freeoufhave suggested 16 that such excess As 
can stabilize Schottky barrier heights at a value consistent 
with the As work function and independent of metal work 
function. The CLS data ofViturro et af.2H provides evidence 
to support the electrical activity of surface As and its pres
ence at metal/GaAs interfaces. These CLS spectra show 
that Au deposition forms a state near mid-gap with 0.8-eV 
emission. This energy corresponds closely with the 0.8 eV 
feature evident on the As-capped surface and to the Ef posi
tion expected for the As work function (i.e., <PAs = 4.8-5.0 
minus X GaAs = 4.0. Furthermore, such a 0.8 eV feature is 
much more pronounced for CLS emission from melt-grown 
versus MBE-grown GaAs/metal interfaces, consistent with 
its typically higher bulk As composition. This link between 
metal-induced and As-related states is supported by chemi
cal observations. For example, Au induces GaAs dissocia
tion and nonstoichiometric As outdiffusion,39--41 and such 
changes in interface stoichiometry can induce electrical ac
tivity with creation of interface chemical species (i.e., As 
inclusions, surface layers, and native defects). 

The thermal pretreatment used to desorb the protective 
As cap (400-500·C for several seconds to minutes) may 
also affect the MBE-grown surface. For example, such melt
grown treatment could reduce any As excess since As sub
limes readily at elevated temperatures. GaAs annealed in 
vacuum also exhibits orders-of-magnitude reduced densities 
of native defects within microns of the surface.42A3 In partic
ular, a thermal treatment at 675 °C for -15 min leads to a 
reduction of the "EL2" defect and could be related to As 
surface loss.42 

A difference in the densities and energies of bulk traps can 
also account for Schottky barrier differences between melt 
versus MBE-grown GaAs. Indeed, they offer a relatively di
rect explanation consistent with the orders-of-magnitude 
higher densities of mid-gap levels observed via photolumi
nescence and cathodoluminescence spectroscopies. Melt
grown GaAs contains high concentrations of deep levels. 
For example, EL2 concentrations alone range up to 2 X 1016 

cm-- 3 for liquid-encapsulated Czochralski (LEC)-grown44 

and to 5x 1016 cm- 3 for horizontal Bridgman (HB)
grown45 GaAs, orders-of-magnitude higher than the 1013 
cm- 3 trap densities for MBE-grown GaAS.46 Furthermore, 
LEC-grown crystals frequently contain native defects with 
the potential for electrical activity exceeding 1018 cm-'3,47 
and melt-grown GaAs typically contains several electrically 
active deep levels, many of which have densities exceeding 
1016 cm - 3 .46 Finally, all of these electrically active sites have 
the potential to segregate to the GaAs surface,48 thereby in
creasing the local deep level concentration. When such con
centrations exceed the bulk doping, these interface traps can 
restrict Ef movement.~n This concept that high-state densi-
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ties at GaAs interfaces are associated with crystalline defects 
in the surface space charge region is by no means novel, 
having been first suggested over 15 years ago.49 The origin of 
such states may reside in the As-rich conditions under which 
they are grown, as already noted above, and the deep levels 
produced thereby. 

Previous measurements of Schottky barriers for metals on 
MBE-grown GaAs support our Ef observations. Several 
groups have investigated the behavior of Al interfaces to 
GaAs (100) under high-vacuum conditions. Their barrier 
height and photoemission-derived Ef results indicate a sig
nificant range of Ef energies, ranging from 0.5 to 0.93 eV 
above E VIlM' See, for example, Refs. 30 and 50-54. The re
ported Ef positions for Al stabilization appear to be particu
larly sensitive to surface stoichiometry. The 0.85-0,86 eV 
position for Al shown in Fig. 1 agrees most closely with 
current-voltage (J-V) and (C-V) measurements for Al on 
As-rich surfaces.50

,53 Our (1 Xl) LEED measurement of 
thermally decapped GaAs also suggests an As-rich sur
face. 23 For Au interfaces, our 0.18-0.21 e V value agrees with 
the only previous measurements available e.g., 0.2-0.3 eV 
above E VBM from Ef measurements of a c( 4 X 4) surface. S5 

However, our value of O. 7 5 e V for In in Fig. 1 deviates from 
the single value of 0.93 eV above EVBM reported from J-V 
measurements, S4 To our knowledge, no data are available for 
comparison with our eu measurement. Overall, previous 
measurements encompass the entire range of Ef positions 
shown in Fig. 1. (Interestingly, most researchers have con
cluded that previous results for metals on MBE-grown 
GaAs were analogous to melt-grown data, despite the larger 
range of Ef positions, and none appear to have recognized 
the relatively unpinned Ef behavior.) Moreover, data for Ge 
on MBE-grown GaAs suggest that the already large range of 
Ef movement may extend even closer to the conduction 
band edge. 56 

Previous data for metals on MBE-grown and melt-grown 
GaAs C 100) surfaces do not support a strong dependence of 
Ef stabilization on either thermal processing or crystal ori
entation alone. Previous results for A130

,50.51 and Au55 do not 
seem to depend strongly on the thermal treatment alone pri
or to metallization. 12 Likewise, the narrow range of barriers 
measured for metals on melt-grown GaAs (100) surfaces12 

argues against a major influence of crystal orientation, not
withstanding any residual contamination, nonstoichio
metry, or lattice damage following thermal cleaning of the 
air-exposed surface. On the other hand, Ge and Si deposition 
on to heated, melt-grown (100) substrates produces a much 
wider Ef range. 57 Further tests of crystal orientation and 
thermal effects include As capping and thermal desorption 
of clean, melt-grown GaAs (100) surfaces as well as anneal
ing of UHV-cleaved GaAs (110) surfaces and are in prog
ress. 

Differences in bulk trap densities may well explain the 
temperature-dependent Ef stabilization behavior reported 
for various metals on melt-grown GaAsC 110) surfaces. 58 PL 
measurements of melt-grown GaAs reveal not only a rela
tively high density of mid-gap states near the final pinning 
energies, but also the presence of a lower density of states 
with emission at 1.15 e V (1.06 e V at room temperature). 28 
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Assuming this emission is referenced to the the valence band 
edge, then the activation of such deep levels can strongly 
retard changes in population and band bending as charge 
transfers to a metal contact, especially at low temperature. 
Such a retardation in band bending occurs at almost exactly 
this energy at low temperature. 58 Since the density of this 
level is at least two orders of magnitude larger than any such 
level in MBE-grown GaAs, a test of this hypothesis will be to 
compare the low-temperature Ef behavior of MBE to melt
grown material. 

V. IMPLICATIONS FOR SCHOTTKY BARRIER 
MODELS 

The Ef measurements described here provide clear evi
dence for unpinned metaI-GaAs interfaces. The large range 
of Schottky barrier heights for MBE-grown GaAs ( 100) sur
faces indicates that any states induced by chemisorption or 
chemical interdiffusion play only a secondary role in the Ef 
stabilization. For melt-grown GaAs, the existence of high 
densities of states near mid-gap provides a direct explanation 
for the rapid Ef movements to a correspondingly narrow 
energy range reported previously.IO,13 Metal-induced gap 
states (MIGS),17 virtual-induced gap states (VIGS),21 dis
order-induced gap states (DIGS), 59 and other pinning mod
els are not relevant to GaAs since, outside of the melt-grown 
material, a wide range of Ef movement is in fact present. 
This last observation is therefore fully compatible with the 
results afforded by the analyses of Refs. 26 and 27, which 
indicate that atomic (rather than electronic) relaxation/re
action are responsible for the observed insensitivity of recti
fying barrier height to metal work function. The failure of 
MIGS-type models could in principle be due to chemically 
distinct interface layers produced by diffusion or reaction 
which can alter the proposed metal wave function tailing 
into the semiconductor. Such layers would severely limit the 
utility of these models since chemical interactions are evi
dent for most metal/semiconductor interfaces.5

,6 

The Ef results in Figs. 1 and 2 are consistent with a larger 
role of interfacial As in stabilizing the melt-grown versus 
MBE-grown GaAs/metal interface. The electrical activity 
of interfacial As is evident in CLS spectra of Viturro et al.28 

and a comparison of melt versus MBE-grown GaAs CLS 
spectra suggests that discrete, As-related states 16 playa larg
er role in the former. Finally, when taken with previous re
sults for InAs, InGaAs, and GaP, the results presented here 
for MBE-grown GaAs demonstrate that Ef pinning of met
al-semiconductor interfaces in a narrow energy range, irre
spective of the metal, is not characteristic of III-V com
pound semiconductors. 

The results presented in Fig. 3 show that a Schottky for
malism is capable of providing self-consistent results for the 
interface electrostatics. These results support the conclusion 
that interface dipoles are negligibly small at metal-semicon
ductor interfaces in the absence of extrinsic charge states 
(i.e., due to impurities, native defects, chemisorption, reac
tion, diffusion, nonstoichiometry, etc.), as calculated by 
Duke and Mailhiot. 26

•
27 Thus, the results of modern surface 

science experiments on clean, high-quality, metal-semicon
ductor interfaces should in general be amenable to such a 
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self-consistent electrostatic analysis. 
The need to understand and control Schottky barrier for

mation has been a driving force for basic research into mech
anisms of Ef pinning for many years. (Indeed the Schottky 
model itself is now 50 years old. 60,61) While Ef pinning on 
melt-grown GaAs will likely continue to be a controversial 
issue, it appears not to be a major one for MBE-grown 
GaAs( 100) surfaces. Fortuitously, the latter are prime can
didates for future high-speed device structures. With the 
large range of barrier heights now available for III-V com
pound semiconductors, the main focus of interface barrier 
research may perhaps shift from a search for mechanisms to 
account for pinning to methods of semiconductor growth 
and processing which afford even greater control. 

VI. CONCLUSIONS 

We have demonstrated that a wide range (0.7 e V or more) 
of Schottky barrier heights exists for metals on GllAs (100) 
surfaces grown by MBE. Metals on n-type and p-type GaAs 
yield nearly identical Ef stabilization positions, in agree
ment with self-consistent electrostatic calculations. The 
Schottky barriers evolve over monolayers and depend in de
tail on the particular metal overlayer. These results contrast 
sharply with analogous measurements for metals on me1t
grown GaAs. Our results are consistent with previous re
ports for individual MBE-grown GaAs/metal contacts. 
These results highlight the importance of bulk crystal quali
ty as well as iuterface-specific phenomena in controlling 
Schottky barrier formation of metal III-V compound semi
conductor interfaces. 
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