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The interfacial chemistry of Cu, Ag, Au, Ni, Pd, Al, Ga, In, Sn, and Bi deposited on cleaved
GaP(110) surfaces has been studied using soft-x-ray photoemission spectroscopy. Of the noble met-

als, Cu and Au tend to disassociate the GaP, whereas the Ag shows little sign of reactivity with the
substrate. The transition metals Ni and Pd react strongly with the GaP to form phosphides in

which Ga is segregated. Of the column-III overlayers, Ga and In display strong clustering and little
reactivity with the substrate, but the interface with Al shows a cation replacement reaction similar
to that seen at A1/GaAs(110). Sn and Bi exhibit Stranski-Krastanov growth, with the establishment
of metallic islands on a laminar first monolayer. Despite the differences in reactivity, the barrier
heights for all the metals but In are observed to stabilize in the range of 1.14 to 1.46 eV. Hence the
n-type GaP barrier height shows a much weaker dependence on the overlayer work function than
reported previously. As with GaAs(110) this Fermi-level stabilization position is in the range of
both the defect levels as created by irradiation, and the theoretical charge neutrality level toward
which metal-induced gap states should move the surface Fermi level. The influence of overlayer
reactivity, morphology, and metallicity on the barrier development is discussed in relation to these
two potential sources of interface states.

I. INTRODUCTION

The barrier heights at interfaces between metals and
GaAs(110) and InP(110) interfaces have displayed only a
weak dependence on the electronegativity or work func-
tion of a wide range of metals. Various explanations have
been proposed for this weak dependence, two of which
are a defect mechanism' and metal-induced gap states
(MIGS). Recently, however, it has been suggested
that barrier heights in systems involving other semicon-
ductors may exhibit a much stronger dependence on the
overlayer material. In particular, a previous photo-
emission experiment by Chiaradia et al. and Brillson
et al. has indicated that Schottky-barrier heights on
GaP(110) exhibit a near-perfect correspondence to the
overlayer metal work function. In this present work the
detailed chemistry of GaP is examined for ten overlayer
materials and compared to that of GaAs and InP. Un-
derstanding of the interfacial chemistry is critical to these
photoemission-based Schottky-barrier investigations for
several reasons. First of all identification of chemically
shifted components in the core-level spectra is necessary
to extract the band bending from these spectra. Second-
ly, the chemical reactions at metal-III-V interfaces are
expected to play a role in determining the Fermi-level
movement and stabilization. For example, with the
Ag —n-type InP system the reactivity may be significantly
reduced by lowering the substrate temperature, and this
reduced reactivity results in the final barrier height
changing from the defect-induced level observed at room
temperature to a higher position associated with MIGS. '

Another crucial aspect of the chemistry is the nature of
the adatom surface bonding and its determination of the
overlayer morphology. In the case of highly reactive
overlayers the adatoms tend to have a low surface mobili-

ty, whereas certain nonreactive adatoms such as In clus-
ter readily on the surface. Clustering a6'ects the coverage
at which the overlayer acquires characteristics of the
bulk metal, and several authors have considered this
achievement of "metallicity" to coincide with the onset
of MIGS. "'

The chemistry of the interfaces examined in this study
will be reviewed below with analogies and comparisons
made to past Schottky-barrier work on the heavily stud-
ied substrates of GaAs(110) and InP(110). These systems
are particularly appropriate for comparison because
chemical shifts appearing in the Ga 3d-spectra, for say, a
Ni overlayer, are expected to be similar for GaP and
GaAs. Similarly the earlier InP work provides a refer-
ence for chemical shifts observed in the GaP P Zp spec-
tra.

Once the interfacial chemistry at these metal-GaP in-
terfaces was understood, the "bulk" components of the
Ga 3d and P 2p core-level spectra were isolated, and their
shifts after each overlayer deposition were measured:
thus the Schottky-barrier formation was determined as a
function of metal coverage. We found for the ten over-
layers in this study a much weaker dependence of the
final barrier height on overlayer material than reported in
the previous photoemission experiments: ' with the ex-
ception of In, the other overlayers provide a barrier-
height variation of only 0.3 eV despite a range of over-
layer work functions covering 0.95 eV (from 4.2 eV for
Ga to 5.15 eV for Ni). Barrier-height discrepancies be-
tween the previous work and the present are attributed to
differing interpretations of chemica1 shifts in the sub-
strate core-level spectra: our interpretations of these
shifts are justified in detail below.

Hence we have observed Fermi-level "pinning" at
GaP(110) interfaces, and this pinning is discussed in
terms of the interplay of defects induced by the metal
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deposition and MIGS, just as for Schottky barriers on
GaAs(110) and InP(110). Our detailed studies of the in-

terfacial chemistry provides information in regard to
overlayer reactivity, morphology, and metallicity: such
information can help in various instances to distinguish
between the two mechanisms.

II. EXPERIMENT

These photoemission experiments were performed at
the Stanford Synchrotron Radiation Laboratory using
soft x rays from a grasshopper monochromator. A stan-
dard UHV chamber equipped with a double-pass cylin-
drical mirror analyzer was utilized, and the base pressure
was below 10 ' Torr. Metal depositions, measured by a
quartz crystal microbalance, were evaporated from a
tungsten coil after cleaving the GaP in vacuum. Each
metal source was thoroughly outgassed prior to cleavage.
The chamber pressure during evaporation or when open
to the beamline was maintained below 3X10 ' Torr,
and the valence-band spectra were monitored to assume
that no contamination was taking place. All coverages
are given in effective monolayers (ML), where 1 ML on
GaP(110) is defined to be 9.52X10' atoms per cm, the
surface density of substrate atoms. The [110]-oriented
rods of single-crystal GaP were n-ty pe doped with
4X10' cm of sulfur.

As mentioned in the Introduction, the surface potential
change (band bending) is established as a function of cov-
erage by determining shifts in the bulk component of the
substrate core-level spectra. The Ga 3d and P 2p core
levels were taken at photon energies of 80 and 170 eV, re-
spectively, for maximum sensitivity to the reacted phases
at the surface. In addition the P 2p was periodically
monitored at the more bulk sensitive photon energy of
140 eV. A computer curve fitting routine' was employed
to subtract the background and any surface shifted' or
chemically shifted components from the spectra. The
band bending determined from the surface sensitive and
bulk sensitive P 2p spectra are in excellent agreement.

III. RESULTS

A. Interfacial chemistry

1. The noble metols: Cu, Au, and Ag

In Fig. 1 the Ga 3d and P 2p core-level spectra are
presented for the interfaces of Cu, Au, and Ag on n-type
GaP(110). For the Cu/GaP interface, signs of substrate
disassociation are particularly clear in the Ga 3d spectra.
From the lowest Cu coverage of 0.1 ML, a new com-
ponent to lower binding energy signals the presence of
elemental Ga. This occurs in tandem with the formation
of copper phosphides, although the P 2p spectrum exhib-
its only a broadening rather than the resolution of two
chemical states of phosphorus. Experiments involving
Cu on InP have previously demonstrated that the forma-
tion of copper phosphides does not give a dramatic P 2p
line-shape change from the semiconductor. ' In those
experiments the photon-induced P L2 z VV Auger line

splitting was examined in detail to verify the formation of
Cu—P bonds. In the Cu/GaP case the P 2p spectrum
must be dominated by the reacted copper phosphide
component at coverages above 10 ML because the Ga 3d
spectra, taken at the same surface sensitivity, no longer
show any sign of a component corresponding to Ga in
GaP. Even the elemental Ga reaction product is buried
at these higher coverages. In contrast to this interpreta-
tion, Brillson et al. have considered the P 2p spectrum
to derive from the GaP substrate for all coverages. Such
differences in interpretation of the interfacial chemistry
inevitably lead to differences in measured band bending
as discussed in further detail below.

The reaction seen in the spectra for the Au interface is
analogous to that observed at the Au/GaAs(110) (Ref.
16) and Au/InP(110) (Ref. 15) interfaces. In all three
cases the Au alloys with the cation, and this strongly
affects the cation core-level spectra, while the anion
core-level spectra exhibits a less dramatic change. At the
higher coverages of Au on GaP, the Ga 3d core level is
significantly broader than for the clean surface due to the
presence of both an alloyed Ga signal and the signal from
the substrate. For Au on both InP (Ref. 15) and GaP the
P 2p core level exhibits a higher binding-energy com-
ponents at coverages exceeding 0.6 ML. This component
manifests itself in Fig. 1(b) primarily as an apparent de-
crease in the P 2p branching ratio from two to near one.
At the Au/InP interface the photon-induced P L2 3 VV

Auger spectra have revealed that no Au—P bonds are
formed at this interface, ' consistent with the strongly
positive heat of reaction for AuzP& formation as reported
by Williams et al. ' The higher binding-energy P 2p
component then presumably originates from segregated
elemental phosphorus formed at the Au/InP and
Au/GaP interfaces. The surface reaction may be driven

by the energy of Au-cation alloying as discussed by
McGilp for Au/InP. ' We note that Chiaradia et al. s

provide a difFerent interpretation of the Au/GaP chemis-
try: they assert that the interface is unreactive at a11 cov-
erages except for some weak interdiffusion.

For the Ag/GaP interface not much line-shape change
is observed in the P 2p spectra as the coverage is incre-
mented, but the Ga 3d spectra above 1 ML coverage are
best fit with a weak shoulder on the low binding-energy
side. It is clear from the spectra in Fig. 1 that the Ag is
not as strongly reactive with GaP as Cu or Au. Ag has
been found to be unreactive with GaAs(110) as evidenced
by the absence of any new Ga 3d or As 3d components in
the photoemission spectra taken as this interface, ' but
the interface between Ag and InP exhibits a distinct reac-
tion. For both Ag/InP and Ag/GaP, the P 2p line
shape does not exhibit much change, but a low binding
energy component is seen in the cation core levels for
coverages exceeding 1 ML. Silver phosphide (AgP2) for-
mation at these interfaces is unlikely, again due to the
positive heat of the bulk reaction. ' By analogy to the
Au/InP interface, Babalola et al. conclude that at the
Ag/InP interface some In alloys with the Ag while ele-
rnental P is released into the Ag. However, it is surpris-
ing that the P Zp does not then exhibit a high binding-
energy elemental component similar to that seen at the



41

show thep 2p specti ayn both case
onent at cove~-

a es in Fig
-energy componof a»gher binding

Ni depositions were
u.n 0fortunately not ca" o

rable in intensitynt js compar
si nals

reacte d P 2p componen
d component sigThis reacte c

nd is
bulk component.

'
kel hosphides an

of the
alladium and nic p

a which
the formation of p '

' of elemental 6ied by the liberat o o
ith the overlayer.

accompanie
ated or alloyed w

ent in
be hase segregate

-energy componen
may p

of' a low binding- "
ML supports

The appearanc
vera es abovethe Qa 3d ectra for co g

this view

1{)78

~ P Apparentlyither for InP o
s is required

A interface eiu i
. hasatt e

horus.
h Au interfaces qron er reaction suc

of elemental phospd t ctable quantity o e eto liberate a detec a
we will tentative yY

a alloys with the g,
attenuation with

coverage s
t d for a less reacAu, as expec e

The transition metals:2s

h onTh evolution of ththe Ga 3d an d P 2p spectra upo
ver-e

' '
Pd and Ni are presente od for selected cove-deposition on Pd an 1 a

I LPjfDAU, AN Sp)CPRKENDELEWICZMyyANO C

Ga 3&i
s s I s

I
s s I

hv = 80 eV P 2p hv = 170 eV
~ ~ If llslsls lit li ~ ~ s

(a) Cu

isilis is i ~ is s~ ~i ii sl ~ ~ isis is ili iii is i, s its lsiisl st»l»is ~ ~ ii

s ii ~ ss is lst Isil ~ Is ils ii ~is I sii i ~siss Its sslssi sl I I Is s ~ I

Isisili ~ sslssstlsssi sitsist sIs s i t I t s i s s is i

~ i iili ~ ~ s

(b) AU

isliiii sist sIss s ~ I ~ ss sili isslis istilts its IIIi Is I

i i
I

s ~ ~ ~

i st il ii iili s i sl is iiIsiiilissilsisi isiiliiislisis isiisi Is s ~I is I s I s s s s Isis s

I I I II ~ sit

(c) Ag

tiils ~ iiit«lit itliistlt ti

22 21 20
sit sit siss

19 18

Binding

26

~ I isis ~ isl isis sit s Isis siii sst I siss III s ss

128 127 126 1

Energy (eV)

A on n-typeu, (b) Au, and (c) Agnte ntal coverages of (a) Cu,nted for incrementa covevel s ectra are presente
iven in effective monolayersGaP(110 . All coverages are given In e



4] 1079TI&N AND BARRIER FORM TIQN AT META

ho

ETAI. Gap() )0

Th'is palladium and
'db h e cation, is simila

for the Pd/ Geen reported
ogous arsenide

(

t d 'd1api yas a
re- evel inten

'

of Pd
the overla

or Nicovera e
'

yer does not 1

overlayer 1 t
in contrast

s ypical of re

which exh'b'1 its stro
to the unre active A

eactive sys-

ng clustering.
g/GaP system,

3. ThThe column III metals: Al 6a, and In

Figure 3 shows the
1 hese colum IIcoverages of t

2p core-level

a lower bind'
e a3ds

n I metals.

ing-ener
pectra exhib't h'i t edevel

In the

tive of segregated clem
gy component h' ain, w icha ain

t 16 Th'
iou eported at the Aious y been re

is cation

n .
'

erfaces and
'

hn ef. 25) int
e Al/GaAs

q
n the case of Al/GaP,

the chanc ange in the Gibbs fr

n 0
1 rnol of Al a

is —10.6

d
d

rnol each

tween GaP
h

~ .l,hif„. ,h p
1 d

ca culation
ve. A sim

h

P bonds
i t f th'

strong bulk

is inter
well, as is e

'

1'
L

A d 6
2p at

a on - a is a nonreaactive inter-

- enved corn one
a convolution o

ponents and signal fro

the overlay
no new chemi

ectrurn exhibit

hibi

g

i its extensive 1

e a 3d and

'
e c usterin

P 2p spect
n ulk corn o

ra can be ana
ponents even for thor the highest cover-

hv = SQ eV P 2p hv = 17Q eV

~ I ~ I
I

I I ~
I

~ I I I I ~ ~ I II ~ I I
I

I I I ~

(a) Ni

~ M

C
CP

C

I II I
I

I I ~ I I ~ II II I I

I I ~ il iiiil iiiiliiiii iiii iiiil ~ iiiliiI ll.

(b) Pd

iiii liii Iliiii i I li ii il ii Ii I ii

22 20 19 18 17 12
lii ~ il

28 127 126 125 124 1123

Bindin Eg Energy (eU)

FIG. 2. Thee Ga 3d and P 2p core-level sspectra arare presented fore or incremental covera escoverages of (a) Ni and (b) Pd on n-tn-type GaP(110).



4]

e" Thel„gGaAs int, erface.e analogous In
1 omponent» al

though the
out a replacemen

of strong In
does not ru e o

s indicative o
sence

'
1 attenuation isstrate signasub

t this interface.clustering a

„ly overlayer

O80

~

lacement reactionprom bulk
th InyoaP interfa

26 I„fact nokcal/mol in go
onent arises in the

bulk com-
elemen

1 d into Qa 3d
hemisorbed

tal Qa compo
surface andare ana yze
nt andac

sPectra are
In 4d comPonent'ts a metallic

d e that a wea e ek elemen-. We acknowle ge
ld be masked y

onent.
b the oveom onent cou

the In 4c but studies at
no such com-V h ho hminimum (hv=140 eV ave

Sn, a colu4.

1 ectra were2, and Sn 4d core-leve sp
and these aref ce was formed, anSn/GaP inter acetaken as the n

AQD SPICERI INDAU~ENDEI E~ICZpMIYANO, CA&

Ga 3d hv = 80 eV hv = 170 eV
1 ll ll I I I ll llll ll II ll ll 111 ~

I
ll ~ I1 llll lllljlllllllllllll IIllllI I

I
~ ~ I 1

I
I I I I

I
I I

(a) Al

II I I
I

~ II

I I I I I III I I I I I I I I I I I I II I I I I ~ I I I I I I I I I I III IIIIIIIII IIII IIIIII IIII II

IIIIIIIIII IIII

~ 7

5.3

(b) Ga

37.3

IIIIII IIIIIIIII IIII IIII 'III IIII II IIIIIIII I I I I I

I I I I I ~ I I II I I I I
I

I ~ III I Ill ~ I I I II IIII
I

I II ll ll ll ll IIli I I II ~ I I
I

I I I ~ II I

~ ~ I I I I I I I IMII

(c) In

~ ~ ~

22 21 20 19
I I » I I I I I III II Ill I I I I

128 127 12618 17
I I I I Il I I

125 124 123

Binding Ene gyr (eV)

of a, and (c) In on n-typan c - eof (a) Al, (b) Ga, an cntal coverages of ad for incrementa1 s ectra are presente oa 3d and P 2p core-leve pFIG. 3. The Ga 3d an
GaP(110).



REACTION AN D BARRIER FORMATION AT METAL-GaP{110). . . 1081

presented m Fig. 4(a). The initially rapid and subse u
much slower attenuation of the s
that th

'
n o t e substrate signal indicates

a e overlayer grows in a St
that is the

a ranski-Krastanov fashion;
a is, t e first monolayer or two rows in

ho ld i h G 3d
disassociates the substrat

e a spectrum indicates that the
s ra e somewhat and

e Sn

h'v' '"'n'1 b b
well In b h

y een o served for ththe SniInP system as
n ot cases broadening of the cation cor

is observed, indicat' th 1'b '
e

G toms b tth P2
ing e i eration of some

reacted or 1

u e p core leve&p evel shows no sign of a
c e or e cmental component. Such a c

might be expected to a
uc a component

e o appear at the same time as the ele-
mental cation, but we have observed alread in

e significantly stronger. Perha s the
ho ho fo 11 1 esorbs from the sur-sma c usters or de

goug t ese speculations mu

n eposition, and near 1 ML covers e
component of the

coverage only the bulk
e spectrum remains. This P

ing indicates th t th S y rms an ordered over-a e n primaril form

substrat t
n e a or InP, thereb unrel

e a oms and removin th
y laxing the top-layer

The Ga 3d

'

g the surface component.
e a signal derived from the GaP loses its

component as well but h'
a oses its surface

ut t is narrowing is masked b t
appearance of the elemental Ga signal

The Sn 4d4d core level is broadest at submon
erages because th S

a su monolayer cov-

two chemical stat h
se e n atoms are e uall div'q a y ivided between

h b G h
ica states: the adatoms are b

e a or t e substrate P ato
above th -d'

atoms. As discussed
'slands form upon the o-ree- imensional Sn i

ere rst monola er and
r-

4d
y, and in this growth regime the S

narrows and shifts to lower bin
e e n

e an ending as determined from shifts of the Ga 3d
rs in is coverage range as well.

o opposing interpretations of the Sn 4d, Ga 3d an
2p shifts are as follows: (') th S y evelops me-i e n overla er

er unng the islanding, as rejected by the
n s ift, and as a result the GaP bandsbend or ii

unspecified source of
'

t f h

strate band bendin as
in er ace char e ih g g'ves rise to sub-

3d and P 2p, and this
en ing, as reflected by the shifts in th Ge a

p, this band bending shifts the Sn 4d
well. The Sn 4d core level will shift with the

i e n overlayer lacks the metal ic
aeter is screen th fi ld f

me al ic char-

Bungens et I h
e e rom the su bstrate depletion.

growth f S
e a. ave studied the

o n on GaAs1
he Stranski-Krastanov

niques and have concluded that on GaA
10) using ellipsometric tech-

me a ic c aracter in the overla er. A
method to definitely d' t' '

hy is inguish band bendin
yer. future

g d

type GaP interfaces as well
e n core level is to examine Sn-p-

Ga 3d hv = 80 eV P 2p hv = 170 eV overlayer core hv = 80 eV

i
~ &s&is&as ~ « &

i & ~
«

i

(a) Sn

~ «ai«&al««i ~ «& a s s s I «s s i a & s & I «a s. . . ,

27 26 25 24 23 22
'I'

)

"I '

f
I

J

' I'' "f' 'I''''i''' I"''j"''I

Bi 5d

i
« &s

i
« «

(
« «

[
~ ~ s &

i
& s «

i
« «

i
« s ~

i
« «'

i
« «

i

(b) Bi

«& s I « s s I s « & 1 « « I a « a aa« I««««« ~ «&ss«s

19 18 17
s ~ s &sss ~ s&s sass s«si«asia«&i&s« lass&

128 127 126 125 124 12322 21 20
. . .I

2630 28 24 22

Binding Energy (eV)

FIG. 4. The Ga 3d~ . and P 2p core-level spectra are r
~

p
om t e overlayer are given for each interface.

a coverages of (a) Sn and (b) Bi on n-type GaP(110). In



1082 MIYANO, CAO, KENDELE%'ICZ, %'AHI, LINDAU, AND SPICER 41

5. Bi, a column Voverlayer

When Bi was deposited on n-type GaP(110) the Ga 3d
and P 2p core levels narrowed dramatically up to a cover-
age of 1 ML as exhibited in Fig. 4(b). In analogy to inter-
faces between Sb and III-V semiconductors such as
GaAs(110) (Refs. 31 and 32) and InP(110), ' this nar-
rowing is attributed to the removal of the surface corn-
ponent resulting from the formation of an epitaxial Bi
monolayer and the subsequent unreconstruction of the
substrate. Hence Bi provides an interesting case of a lam-
inar unreactive overlayer. By unreactive we mean that
the overlayer does not break bonds in the substrate.
Above 1 ML coverage the attenuation of the Ga 3d and P
2p spectra is indicative of Stranski-Krastanov Bi growth,
similar to Sn/GaP as well as the Sb —III-V interfaces.

The absence of surface components in the Ga 3d and P
2p spectra at coverages exceeding 1 ML of Bi allows the
determination of various parameters for these spectra
without the uncertainty of deconvolving several com-
ponents. These parameters, the Lorentzian widths,
spin-orbit splitting, and branching ratio, are given in
Table I, and these numbers were employed in the analysis
of both bulk and surface components for all of the Ga 3d
and P 2p spectra associated with this paper. The Gauss-
ian widths depended on experimental parameters such as
monochromator slit openings which varied somewhat
from interface to interface.

At the higher coverages the Bi Sd spectra reveal a tran-
sition in the nature of the overlayer, similar to the Sn 4d
spectra discussed above. At submonolayer coverages the
Bi 5d is broadest due to the two chemical states of Bi
atoms in the ordered overlayer. Above 1 ML a com-
ponent corresponding to Bi bonded to other Bi atoms
dominates the spectrum. The Bi Sd in this coverage re-
gime also shifts to lower binding energy, and this shift
occurs in tandem with much of the band bending seen in
the Ga 3d and P 2p spectra. In contrast to Sn, the higher
coverage Bi islands are certain to possess metallic charac-
ter, and so the overall Bi 5d shift cannot be attributed to
the band bending. This shifts results from the formation
of metallic Bi islands on the ordered Bi layer.

from the valence-band maximum (VBM) of the cleaved
sample is estimated by linearly extrapolating the low
binding-energy edge of the valence-band spectrum to the
background as is shown in Fig. 5. This extrapolation
may overestimate the value of the VBM by roughly 0.1

eU due to instrumental broadening of the actual valence-
band density of states, but this error should be systemat-
ic, shifting the absolute band-bending measurements of
all the interfaces by the same value. In particular then,
this method does not interfere with an investigation of
trends in the barrier heights with various overlayer ma-
terials. This VBM kinetic energy is compared to the ki-
netic energy of electrons emitted from the Fermi level of
the experimental system: this energy is taken as the
inflection point in the Fermi edge spectrum taken on a
thick layer of Ag in good electrical contact with the
chamber and analyzer. The VBM kinetic energy is sub-
tracted from the Fermi-edge kinetic energy to estimate
the initial surface Fermi-level position relative to VBM
for each cleave.

One further complication in determining the absolute
barrier heights in our measurements is the suggestion of
van Laar et al. that acceptor surface states exist in the
band gap of clean cleaved GaP, centered at 1.7 eV above
VBM. These states would be occupied on cleaved n-type
GaP and possibly merge with the valence-band spectrum.
However no sign of such states is observed in the clean
valence-band spectrum shown in Fig. 5. A wide range of
initial pinning positions on n-type GaP has been observed
both in this study and that of Chiaradia and Brillson
et al. , ' including cleaves that are nearly unpinned, im-

plying that the states in the gap of the cleaved GaP(110)
surface are related to cleavage quality factors such as mi-
crosteps and are not intrinsic to this surface.

For the clean surface and following each subsequent
metal deposition, the bulk component of the Ga 3d and P
2p core-level spectra is deconvolved from the surface
component and the various reacted components dis-
cussed in Sec. III A. The computer curve-fitting routine'

B. Band bending 1.52 ev

TABLE I. Data analysis parameters as determined from 1.48
ML Bi/GaP.

Core level
Lorentzian Spin-orbit Branching
width (eV) splitting (eV) ratio

Ga 3d {hv=80 eV)
P 2p ( h v = 170 eV)

0.13
0.06

0.44
0.87

1.6
2.0

We wish to extract from the data in Figs. 1-4 the de-
velopment of the GaP barrier height and correlate this to
the overlayer reactivity, morphology, and metallization,
as discussed in Sec. III A. To estimate the absolute posi-
tion of the surface Fermi level relative to the GaP band
edges, a valence-band spectrum was taken at 80 eV pho-
ton energy on each cleaved surface prior to metal deposi-
tion. The kinetic energy of the electrons photoemitted

I. . . . I . . I. . . . I. . . . I. . I. . . . I . . I. . . . I . . I . . . I. . . I. !I.I . . I. . I. . . .

62 64 66 68 70 72 74 ) 76 78

Kinetic Energy (eV)

FIG. 5. Illustrated here is the procedure by which the kinetic

energy of electrons photoemitted from the valence-band max-

imum (VBM) is determined. Superimposed is the spectrum near
the Fermi edge of a thick Ag film in electrical contact with the
chamber. The initial separation between the Fermi level and

the VBM for this interface (Cu/GaP) was 1.52 eV.
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employed the parameters given in Table I. Shifts in the
bulk Ga 3d and P 2p peaks to lower binding energy are
taken as a direct measurement of the increase in barrier
height on this n-type material. Note that the valence-
band maximum discussed above is not used as a measure-
ment of the surface potential shift upon metal deposition
because of the difficulty in deconvolving the overlayer
signal from that of the substrate. For nine of the ten in-
terfaces studied, the band bending as determined from
the bulk component of the Ga 3d (h v=80 eV) was in

good agreement with that obtained from the bulk com-
ponent of the P 2p (h v= 170 and periodically 140 eV): no
systematic discrepancies exceeding 0.1 eV were observed.
In the exceptional case of Au/GaP, the Ga 3d bulk shifts
were only able to be determined up to 1.5 ML Au cover-
age. Beyond this coverage the spectra are impossible to
decompose into a substrate-derived component and a sin-

gle reacted component. Apparently the Ga that alloys
with Au exists in more than one chemical state. The
shifts in the Ga 3d and P 2p spectra show good agree-
ment up to 1.5 ML, but beyond this coverage band bend-
ing is measured exclusively from the P 2p spectra.

This consistency within 0.1 eV of the band bending as
measured from the Ga 3d and P 2p bulk components
confirms our identification and deconvolution of the vari-
ous chemically shifted components in the spectra.
Difficulties in accounting for chemically shifted com-
ponents led to larger discrepancies for the reactive over-
layers of the previous GaP study, and —as discussed in

detail below —these difficulties also result in significant
differences between barrier heights measured in that
work and in this present one. From the consistency of
the cation and anion shifts, the accuracy of our band-
bending measurements is estimated to be 0.1 eV. As
mentioned above the determination of the valence-band
maximum position introduces a further 0.1 eV uncertain-
ty in the surface Fermi-level position with respect to the
band edges, but this uncertainty does not affect either the
measured surface Fermi-level shifts (band bending) or the
comparisons of thick coverage barrier heights for
different overlayers.

In Fig. 6 the band bending as a function of coverage is
shown for the ten interfaces of this study, with the initial
and final surface Fermi-level positions summarized in
Table II. As mentioned above a fairly wide range of ini-
tial band bendings —from 0.3 to 1.0 eV —was observed:
such initial band bendings have been observed not to
affect the high-coverage Schottky-barrier heights mea-
sured at other metal-III-V semiconductor interfaces.
Also given in Table II are the earlier photoemission mea-
surements of Chiaradia and Brillson et al. ' and the
electrical and photoresponse measurements of Cowley
and Sze that were performed on thick overlayer n-type
GaP Schottky barriers.

The band bending for the noble metals is shown as a
function of coverage in Fig. 6(a). The Au data exhibits
rapid surface Fermi-level movement up to 3 ML cover-
age, at which point in the barrier height saturates at a
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TABLE II. Band-bending data.

Overlayer

Initial band
bending from

this study
(eV)

Barrier height
from this study

(eV)

Barrier height from
Chiaradia et al. (Ref. 8)

(eV)

Barrier height from
Cowley et al. (Ref. 39) (eV)

C-V Photoresponse

Cu
Ag
Au
Ni
Pd
Sn
Bi
Al
Ga
In

0.74
0.37
0.64
0.70
0.71
0.79
0.35
1.04
0.95
0.30

1.16
1.23
1.38
1.42
1.46
1.43
1.14
1.44
1.32
0.75

1.27

1.39

0.73

0.31

1.34

1.34
1.27

1.14

1.20
1.20
1.28

1.05

value of 1.4 eV. Cu/GaP shows a similar rate of barrier
formation, saturating at a somewhat lower barrier height
of 1.2 eV. The band bending for Ag/GaP is slower than
for Cu and Au, and this may be related to the reduced
reactivity of Ag on GaP. More will be said in the follow-
ing discussion regarding the correlations between over-
layer reaction, overlayer morphology, and band-bending
rate. The barrier height for Ag/GaP of 1.2 eV is
achieved at a coverage near 10 ML.

In Fig. 6(b), the band bending versus coverage is shown
for the reactive transition metals, Ni and Pd. The Ni and
Pd interfaces both exhibited initial band bendings of 0.7
eV. The final barrier heights are also similar for the two,
around 1.4 eV and are reached near 5 ML coverage. We
note that these interfaces exhibit about the same band-
bending rate as Cu and Au, which is again consistent
with a correlation between band-bending rate and reac-
tivity. The initial band bending proceeds somewhat more
rapidly for the Ni interface although the degree of reac-
tivity seems roughly equal at comparable coverages, judg-
ing from the core-level spectra of Fig. 2.

Figure 6(c) shows the band bending of the column III
metals on GaP. The Al band bending seems slightly fas-
ter than that of the Ga, but slower than any of the other
reactive interfaces. The band-bending rate of the In in-
terface is difficult to compare because of the significantly
smaller initial band bending as well as the smaller final
barrier height. The Al barrier height is observed to settle
around 1.4 eV, while that of the Ga is taken to be around
1.3. At coverages above 1 ML of In on n-type GaP, the
band bending appears saturated at the unusually low
value of 0.75 eV. Such a barrier height is about 0.4 eV
lower than any of the others measured. Such behavior
was also reported at the In —n-type GaAs interface and
may be related to unusual kinetics at these interfaces, a
point will be discussed in more detail shortly. From the
core-level spectra shown in Fig. 3 it is apparent that In
does not react strongly with the GaP but rather clusters
on the surface. We note that nevertheless the interface
exhibits a very rapid initial band bending.

Figure 6(d) displays the barrier-height formation for
the Sn and Bi interfaces with n-type GaP. As mentioned
previously the major band bending for both the Sn and
the Bi interfaces occurs in the coverage regime during

which metallic islands develop on top of the initial epit-
axial overlayer, and the rate of this movement is compa-
rable to the more reactive interfaces such as Ni, Pd, Cu,
and Au. Neither Sn nor Bi is strongly reactive with the
substrate, although the former seems to weakly dissolve
the surface: hence this rapid band bending is somewhat
surprising and will be discussed in further detail below.
The Bi interface achieves a final barrier height of around
1.1 eV, whereas the Sn barrier height saturates at a
higher value of 1.4 eV.

The coverages at which the ultimate barrier height is
achieved on n-type GaP is generally higher than for n-

type GaAs and n-type InP, again with the exception of
the In interface. The barrier heights for the less reactive,
clustering overlayers such as Ag, Ga, and Al stabilize at
coverages above 10 ML, whereas on n-type GaAs the
band bending stabilizes at closer to 1 ML coverage. '

The final barrier height for Ag —n-type InP is also estab-
lished at around 1 ML. ' Similarly the reactive Pd and
Ni interfaces achieve their final surface Fermi-level posi-
tion at around 5 ML on n-type GaAs, as compared to 1

ML or below for n-type GaAs.

IV. DISCUSSlON

A. Dependence of final barrier height on overlayer
material

Chiaradia and Brillson, et al. ' claim that the barrier
height, 4z, for metal-GaP systems is related to the over-
layer work function, 4, through the simple Schottky re-
lation 4z =4 —g„where y, is the semiconductor elec-
tron affinity. In particular these authors find a linear re-
lationship with slope one between the barrier heights they
measure and the overlayer work functions. This previous
study includes four metals: In, Al, Cu, and Au. Two
semiconductors, Si and Ge, are also included in their dis-
cussion, but the error bars for the work functions of these
overlayer is of the magnitude of their band gaps since the
doping of the thin films is not known. In this present
study these same four metals have been investigated, in
addition to six others. Recall that the Sn overlayer of
this work is concluded to be metallic at the highest cover-
ages from the narrowness and energy position of the Sn
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4d core levels.
In Fig. 7(a) both our barrier-height measurements and

those given in Refs. 8 and 9 are plotted versus the experi-
mental polycrystalline metal work functions. In our
data the relationship between barrier height and work
function is much weaker than one-to-one with all of the
barrier-heights measurements except that of In falling be-
tween 1.14 and 1.46 eV. In comparing the interfaces
common to the two studies (Cu, Au, Al, and In over-
layers), the barrier heights measured in this study vary
less rapidly with the work function. The discrepancies
here are significantly larger than the error estimated

above for these photoemission studies, and the origin of
these difFerences is discussed next. But first we note that
the additional six interfaces examined in this study give
barrier heights in the neighborhood of 1.3 eV despite the
one eV range of work functions in going from Ga to Ni.

It is difBcult to compare the absolute numbers for bar-
rier heights between these two studies because of uncer-
tainties in establishing the Fermi level with respect to the
band edges as discussed earlier. Chiaradia and Brillson
et al. do not provide an explanation of their procedure in
this regard, but they apparently chose their reference
such that the simple Schottky relation 4z =4 —y, was
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best satisfied, using g, =3.75 as given in the literature.
Thus only the relative differences between the barrier
heights for specific overlayers can meaningfully be com-
pared: in other words the data points from Refs. 8 and 9
in Fig. 7(a) may have to be shifted vertically with respect
to the data points of this study for a direct comparison of
barrier heights for a specific overlayer.

A sizable barrier-height difference between In and Al is
measured in both the previous work and in this work
[0.42 and eV (Refs. 8 and 9) and 0.69 eV, respectively].
The laser difference given in Refs. 8 and 9 is attributed to
lesser barrier formation at their Al interface: at their
maximum coverage of 10 A (6.3 ML), the bands are still
bending rapidly as seen in Fig. 3 of Ref. 8 or Fig. 6 of this
paper. The Cu barrier height in the present study is
found to be 0.41 eV higher than that measured for In,
whereas in the previous study this difference is much
larger: 0.96 eV. This discrepancy stems from the
differing interpretations of the core-level chemical shifts
mentioned in Sec. IIIA. Recall that Brillson et al.
claim that for Cu/GaP the P 2p represents accurately to
the highest coverages the band bending from the bulk,
and in the paper of Chiaradia et al. , this group ac-
knowledges a systematic discrepancy between the Ga 3d
and P 2p data for the Cu interface, concluding that the P
2p then gives a better indication of the band bending. On
the other hand we argued in Sec. III A that the P 2p sig-
nal at the higher coverages of Fig. 1(c) derives from
copper phosphides: high-coverage shifts are observed in
the P 2p level, but these shifts signify a stoichiometry-
related chemical shift in the phosphides rather than fur-
ther band bending of the semiconductor. Finally the Au
barrier height with respect to In is also determined to be
much higher in the previous study than the present: 1.08
eV versus 0.63 eV separation. As discussed in Sec. III A,
Chiaradia et al. claim that the Ga 3d shows no sign of
reaction. However we determined that use of the Ga 3d
for band bending leads to large overestimates of barrier
heights for Au on both n-type GaAs (Ref. 16}and n-type
GaP because of the alloy shift and broadening of this core
level. As a result only the P 2p bulk component was em-
ployed to determine the band bending of the higher Au
coverages in this study. We conclude that the apparent
strong dependence of barrier height on the overlayer
work function reported in Refs. 8 and 9 for four rnetal-
GaP interfaces is primarily due to chemical shifts in the
core-level spectra. Such shifts are carefully accounted for
in this study, and the barrier heights of these same four
metals as well as six others is found to display little sys-
tematic dependence on the work function.

The use of the experimental work function in Fig. 7(a)
may be somewhat naive because this work function in-
cludes the effects of surface dipoles on the metals, and
these dipoles ought to be significantly different at the
semiconductor interface. In Fig. 7(b) the barrier heights
are therefore replotted agains the Miedema electronega-
tivity, which is an attempt to account for the internal
work function of the material, subtracting out the effects
of surface dipoles. Again if the In data point is discount-
ed the two factors seem unrelated, and in particular the
barrier heights seem concentrated around 1.3 eV regard-

less of the overlayer. McLean et al. recently investigat-
ed the relationship between electrically measured barrier
heights on n-type GaAs and Miedema electronegativity
and found that the data points could be divided into two
groups: the overlayers with d valence states exhibit a
barrier height constant to within 0.1 eV whereas those
overlayers without such states exhibit a distinct linear
dependence on the electronegativity. Of our ten over-
layers all but Bi were included in the study of McLean
et al. and all of these except Ni were categorized as be-
longing to the group with a linear dependence on elec-
tronegativity. Clearly no such simple division of the
overlayers can be made on the basis the data shown in
Fig. 7(b).

The barrier heights measured in this study are concen-
trated in the same regime as the earlier thick coverage
measurements performed by Cowley and Sze using capac-
itance voltage and photoresponse measurements. Table
II indicates that the barrier heights for metals in common
to this study and Ref. 39 are in good agreement, with the
exception of Al for which our barrier height is 0.3 eV
higher. Further electrical measurements on ultra-high-
vacuum-formed interfaces between GaP and all of these
overlayers would provide a good test of the values ob-
tained in the photoemission, and such investigations are
currently being conducted.

We conclude then that the barrier heights to n-type
GaP(110) have no systematic dependence on the over-
layer work function or electronegativity but rather are re-
stricted to a narrow range of energies. This is the type of
Fermi-level pinning that has been reported previously for
Schottky barriers on GaAs and InP. Brillson et al. 4'

have suggested that in the case of GaAs, the Fermi-level
pinning is due to imperfections in the bulk-grown materi-
al and that with better molecular-beam epitaxy prepared
samples, a wider range of barrier heights is achieved.
However, in both this study and the GaP study of
Chiaradia and Brillson et al. ,

' the substrates are melt-
grown crystals, and the primary difference in the report-
ed degree of pinning comes from the interpretation of the
data rather than some inherent perfection or lack thereof
in the substrate material.

B. Implications regarding GaP midgap states

As mentioned in the Introduction, two particular
sources of surface states have been suggested to explain a
lack of variation of barrier heights such as seen here with
GaP: defects and metal-induced gap states (MIGS). The
position of likely defect stabilization as established by ir-
radiation of GaP (Ref. 46) (1.2-eV band bending on n

type} and the theoretical charge neutrality level toward
which MIGS are expected to pull the surface Fermi lev-
el (1.45-eV band bending on n-type GaP) are both in the
neighborhood of the barrier heights measured in this
study, thus complicating efforts to distinguish the impor-
tance of these two effects. As with GaAs and InP we
may attempt to make such a distinction through observa-
tion of the reactivity, metallization, and morphology of
the overlayer and the correlation between these and the
band-bending rate and final barrier height.
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In order to examine the lower coverage band bending
in greater detail, the curves of Fig. 6 are replotted in Fig.
8 with the coverage on a logarithmic scale. These plots
are particularly interesting for the interfaces with Au,
Ag, In and Bi, which exhibit an initial band bending of
less than 0.7 eV. The surface Fermi level moves rapidly
for submonolayer metal depositions to the neighborhood
of 0.8-eV barrier height. In the cases of Au, Ag, and Bi
the band bending eventually resumes at a slower pace to
the final pinning position in the neighborhood of 1.3 eV.
These well-cleaved interfaces then indicate that at least
two distinct mechanisms may be at play in bending the
n-type GaP bands, although only the final mechanism es-
tablishes the Schottky-barrier height. First we will

briefly discuss the rapid submonolayer band bending seen
at the four interfaces mentioned above.

This band bending seems to saturate near 0.8 eV
despite the large electronegativity range spanned from In
to Au, and thus overlayer-specific mechanisms such as
adatom-induced states are ruled out as the mechanism.
MIGS are often discussed even in the context of sub-
monolayer coverages because the clustering adatoms
such as Au, Ag, and In may establish metallic character
even at low covera ges. However, it is questionable
whether such small-cluster-based MIGS would be able to
saturate at 0.8 eV the band bending at the surface be-
tween the clusters, and furthermore, this 0.8-eV level is
far from the calculated charge neutrality level of 1.45 eV.
This 0.8-eV position is also far from the irradiation-
established defect position of 1.2 eV, but a second defect

level at this 0.8-eV energy is possible: thus we suggest
that defects may be responsible for the rapid submono-
layer band bending observed for Au, Ag, In, and Bi on
n-type GaP. More detailed low-coverage investigations
of n-type GaP barrier formation are of potential interest.

Next we concentrate on the mechanism for the slower
band bending to the final barrier height, which with the
exception of In is in the neighborhood of 1.3 eV. It was
noted previously that the coverage at which this barrier
height is established is higher for GaP than for GaAs and
InP. This is not simp1y a reAection of the greater total
band-bending occurring at GaP, around 1.3 eV as op-
posed to 0.7 and 0.4 eV for n-type GaAs and n-type InP,
respectively. The interfacial charge density cr is related
to the square root of the band bending, b P:

o =(2qeNdhg)'~',

where Nd is the substrate doping. A ratio of two or three
in barrier height translates to a factor of less than 2 in the
interfacial charge required to pin the surface. Then the
fact that the GaP band bending saturates at coverages ten
times higher than for GaAs and InP implies that
significantly fewer interfacial charge states are being
created for a given overlayer coverage.

This delayed barrier establishment for GaP has one
possible explanation in the context of the MIGS model.
Louie et al. and Tersoff have established that the
MIGS decay length decreases with increasing semicon-
ductor ionicity and band gap. Since GaP has a
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significantly higher band gap than GaAs and InP [the
room-temperature (RT) values are 2.26, 1.42, and 1.35,
eV, respectively], a greater density of MIGS and thus a
greater coverage of metal may be required to pin the Fer-
mi level. Specific calculations of the MIGS dipole
strengths are required to determine whether the greater
GaP gap can account for the delay in band bending ob-
served.

In the context of the MIGS model, another way in
which the GaP band-bending rate could differ from that
of other III-V's must be considered: a significantly lower
GaP surface mobility would reduce adatom clustering
during interfacial growth. Stiles, et a1."have reported a
dramatic delay in the onset of MIGS at the interface be-
tween Ag and liquid-nitrogen temperature n-type GaAs
due to such a reduction of clustering on the cold sub-
strate. However, the photoemission spectra indicate that
GaP overlayer morphology, specifically the adatom clus-
tering, is not significantly different from that observed at
RT GaAs and InP. In particular, examination of core-
level attenuations, metal core level shifts and narrowing,
and metal signal development at the valence band and
Fermi edge have indicated that the degree of clustering of
the In, Ga, Al, and Ag overlayers are not particularly
different for the (110)surfaces of GaAs, InP, and GaP.

To reiterate, Stiles et al. " found that a reduction of
clustering delays the onset of MIGS and the establish-
ment of the Ag-n-type GaAs barrier height as measured
by photoemission. This makes it difFicult for the MIGS
model to explain certain trends in the GaP barrier forma-
tion in comparing various overlayers. In particular we
have pointed out before that the reactive overlayers-
Au, Cu, Ni, and Pd —exhibit a faster approach to the
final pinning position than do the unreactive clustering
overlayers of Ag and In. This trend, slower barrier-
height establishment for the more clustered interfaces, is
opposite to the trend for MIGS reported by Stiles et al.

In fact, this particular trend may be explained more
naturally in the context of a defect mechanism: the faster
approach to the final pinning position exhibited by the
reactive overlayers can be attributed to the rapid forma-
tion of defects because substrate atoms are being taken
into the reaction and further because energy is liberated
as a result of the reaction. The case of In/GaP provides
an unusual case in which the band bending after the ini-
tial submonolayer stage is either extremely slow or zero
despite the fact that this interface is eventually taken to
coverages where nearly all of the surface is covered with
metallic In (see Fig. 3). This behavior is very difficult to
explain if MIGS are assumed responsible for the estab-
lishment of the other barrier heights at around 1.3 eV. It
seems more probable that there is some kinetic limitation

on defect formation at this unreactive interface, as has
been argued for In/GaAs.

Finally, the Sn and Bi interfaces, which grow in a
Stranski-Krastanov fashion, must be discussed. The pri-
mary band bending at these interfaces occurs during the
formation of the metallic Sn or Bi islands on top of the
ordered first monolayer. The simplest interpretation of
the band bending above 1 ML is that the formation of
metallic islands gives rise to MIGS which determine the
final Fermi-level position. Energy for defect formation
may also be released during the cluster condensation, but
the rate of approach of the Bi and Sn overlayers to the
final pinning position is comparable to the reactive over-
layers rather than that of the clustering overlayer. Fur-
ther investigation of these semiordered interfaces is re-
quired to fit them into the rest of the picture.

V. CONCLUSIONS

%e have examined in detail the reaction and growth
mode of ten metal overlayers on n-type GaP(110). A de-
tailed analysis of interfacial chemistry allowed us to prop-
erly extract the band bending and final barrier height for
each of these systems. %e found that for nine of the
overlayers (Cu, Au, Ag, Ni, Pd, Sn, Bi, Ga, and Al), the
final barrier heights are concentrated in a range from 1.14
to 1.46 eV despite the 1-eV variation in the overlayer
work function. In fact we observed no simple correlation
between these barrier heights and the work function. We
considered the possibility of both MIGS and defects as
the source of this Fermi-level pinning. Although the
MIGS model can qualitatively explain the slower overall
band bending of GaP as compared to GaAs and InP, the
trends in band-bending rate between the reactive and un-
reactive interfaces are more simply explained in the con-
text of a defect model. In particular the establishment of
the In barrier height at the anomalously low value of 0.75
eV is viewed as a resulting kinetic limitation on the defect
formation at this unreactive interface.
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