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We have grown thin, epitaxial overlayers of undoped and As-doped Si on As-stabilized n- and p-type
GaAs(001)-(2X4) in order to investigate the inhuence such overlayers have on band bending in the sur-
face depletion region. We have carried out structural, chemical, and electronic investigations of the re-
sulting interfaces by means of x-ray photoemission spectroscopy, low-energy electron diffraction, and x-

ray photoelectron diffraction. Strained, epitaxial overlayers of Si could be grown for thicknesses of up to
0

10+1 A at a growth temperature of 400 C. The perpendicular lattice constant of the overlayer is es-
0

timated to be 5.32+0. 10 A in this coverage regime. An interface reaction between Si and Ga is observed
for all coverages. Growth of undoped Si overlayers essentially conserves the band bending that exists on
the free surface (-0.6 eV on n-type GaAs and -0.5 eV on p-type GaAs). However, the growth of
heavily As-doped Si Aattens the bands to -0.3 eV on n-type GaAs, but increases the band bending on
p-type GaAs to -0.8 eV. The influences that undoped and n+-doped Si overlayers have on the surface
band bending are readily explained by a simple model in which it is recognized that (1) epitaxial Si does
not unpin the Fermi level in the sense that interface states are eliminated, and (2) a decrease (increase) in

the net electric field in the depletion region of n-type (p-type) GaAs is brought about by charge transfer
from the n +-doped Si epilayer to the near-surface region of the GaAs substrate.

I. INTRODUCTION

The fixed band bending exhibited by both free surfaces
and interfaces of GaAs(001) places definite limitations on
the utility of this semiconductor in device and circuit
technology. ' The tendency of the surface Fermi level to
pin near the midgap position at interfaces to virtually all
metals precludes the possibility of forming a true Ohmic
contact. Device technologists must resort to a rather
crude process involving extensive alloying of a multicom-
ponent metalization at the interface, with the concomi-
tant indiffusion of one of the components of the metal
mix acting to heavily dope the GaAs. This high degree
of doping results in a very narrow depletion region,
through which conduction-band electrons must tunnel,
giving rise to what is in effect a rectifying contact that is
dominated by tunneling. Such a contact is essentially
"pseudo-Ohmic. " Also, the inability to form rectifying
contacts with very high Schottky-barrier heights by con-
ventional metalizations prevents the fabrication of gate
structures with negligible leakage current.

Both of these problems can be avoided by finding ways
to gain control of band bending on the GaAs side of the
interface. A few techniques have been reported in the
literature that appear to enable such control. One of the
more promising techniques centers around the use of
doped interlayers of a group-IV semiconductor (either Si
or Ge). It has been found that the growth of an n-type
Ge or n-type Si (p-type Ge or p-type Si) interlayer be-
tween n-type GaAs(001) and a metal deposit results in
movement of the Fermi level much closer to the conduc-
tion (valence) band than occurs in the absence of the in-
terlayer. In addition, it has been reported that the use

of a thin Si interlayer between GaAs and AlAs allows
some degree of control of the heterojunction band offset.
Furthermore, enhanced performance in metal-insulator-
semiconductor (MIS) structures has evidently resulted
from the use of a thin Si interlayer between the insulator
and the III-V semiconductor. ' lt has been suggested
that these improvements result because the Si interlayer
gives rise to an unpinned Fermi level on the GaAs side of
the interface, although a recent photoemission study of
ultrathin, undoped Si epilayers on very heavily doped n-
and p-type GaAs(001) appears to refute this possibility. '

A recent modeling study suggests that charge compensa-
tion of the n-type GaAs depletion region by carriers from
a highly doped Si overlayer is what gives rise to the range
of observed Fermi-level motion. '

In this paper, we describe a detailed investigation of
the interfaces formed between undoped and n+-doped Si
and moderately doped n- and p-type GaAs. Our goals
were (1) to further investigate the question of whether or
not the Fermi level is unpinned at the Si/GaAs interface
and (2) to determine the mechanism by which a substan-
tial range of Fermi-level motion is achieved when the Si
overlayer i~ heavily doped n type. We conclude that the
Fermi level is, in fact, pinned at the Si/GaAs interface, in
agreement with a recent study involving GaAs that was
much more heavily doped. ' Our results demonstrate
that the Fermi level remains pinned at nearly the same
position as that found on the free GaAs surface. In addi-
tion, we present evidence that the reduction (increase) in
band bending brought about by growth of n+-doped Si
on n-type GaAs (p-type GaAs) is the result of charge
compensation of the depletion layer by carriers from the
Si overlayer.

9513 1993 The American Physical Society



9514 S. A. CHAMBERS AND V. A. LOEBS 47

II. EXPERIMENTAL III. RESULTS AND DISCUSSIQNS

All Si growths were performed on As-capped,
molecular-beam-epitaxy (MBE) grown n o-r p-type GaAs
buffer layers, which were in turn grown on semi-
insulating GaAs substrates in a Varian Generation II
MBE system. The dopants were Si and Be for the n- and
p-type buffer layers, respectively, and the doping density
was —5X10' cm . The As cap was desorbed by heat-
ing for several minutes at -450 C after transfer of the
wafers from the Varian MBE system to a smaller MBE
chamber appended to a surface analytical chamber. The
resulting GaAs surfaces were As stabilized, and exhibited
either a (2X4)/c(2X8) or a (1X6) low-energy electron
diffraction (LEED) pattern. A slight reduction in As 3d
intensity was detected in going from the former to the
latter LEED pattern, in keeping with previous character-
ization of these surfaces. '

MBE growth of Si from a Knudsen cell with a tungsten
crucible was carried out under ultrahigh vacuum condi-
tions, or in an As4 overpressure in the low to rnid 10
torr range. Si overlayer thickness was measured with a
quartz-crystal oscillator (QCO), and an absolute thickness
calibration was carried out by obtaining Rutherford-
backscattering (RBS) measurements of the total back-
scattering yield in a random direction for the thicker
overlayers.

After transfer under UHV conditions from the growth
chamber to the analytical chamber, high-energy resolu-
tion x-ray photoelectron spectra (XPS) were obtained at
normal emission using a Surface Science Instruments
Series 300 photoelectron spectrometer that is equipped
with a monochromatic Al En x-ray source, a hemispheri-
cal energy analyzer, and a multichannel detector. All
high-resolution spectra were obtained with an x-ray beam
diameter of 300 pm and a pass energy of 25 eV. The total
resolution, as judged by the full width at half maximum
(FWHM) of the Au 4f7&2 peak from clean, polycrystal-
line Au, is -0.73 eV. For these settings, the Au 4f7&z
peak was also used to regularly calibrate the spectrometer
electronics so that absolute core-level binding energies
could be determined with an accuracy of +0.02 eV. This
procedure allows the determination of band bending
within the GaAs depletion region with an accuracy of
+0.04 eV.

This spectrometer is readily converted from an angle-
integrating mode to an angle-resolved mode by externally
accuating one of two apertures at the spectrometer lens
entrance. Scanned-angle x-ray photoelectron diffraction
(XPD) measurements were then made by rotating the
specimen about one of two axes (polar or azimuth) while
keeping the other constant. ' In this way, angular distri-
butions could be obtained with an angular resolution and
an absolute angular precision of +3.3 and +0.2, respec-
tively, in either the polar or azimuthal angle.

Surface topography of the epitaxial films was moni-
tored by means of atomic-force microscopy (AFM). Sam-
ples were removed from the UHV system and inserted
into a TopoMetrix (TMX) 200 AFM in order to obtain
high-resolution images of the surface.

A. Structural characterization by LEED
and XPD and absolute coverage calibration

Si epilayer growth occurs in a laminar fashion at a
growth temperature of 400—500 C for coverages up to
several monolayers (ML), as judged by two separate ex-
perimental probes. First, Bratina et al. report a transi-
tion from a streaky to a spotty reAection high-energy
electron diffraction (RHEED) pattern at coverages of
4—8 ML, indicating a transition from laminar to island
growth. ' Second, in the present investigation, overlayers
grown with a thickness of -4 ML exhibit a Si 2p zeroth-
order, forward-scattering photoelectron diffraction peak
near 8=45' in the (010) azimuthal plane, but do not ex-
hibit any such peak along the surface normal. These
directions coincide with the [101] and [001] low-index
directions, respectively. Assuming completely laminar
growth, such peaks should appear at 0= -45' and 90' as
a result of third- and fifth-layer formation, respectively.
Atoms in the third (fifth) layer act as forward scatterers
for photoelectrons generated in the first layer when the Si
2p intensity is measured at 8=45 (90'), giving rise to in-
tensity maxima. ' The absence of a peak along the sur-
face normal for a deposit of -4 rnonolayer equivalents
indicates that the growth is essentially laminar, in agree-
ment with previous RHEED results. '

The transition from laminar growth to three-
dimensional island growth is detected in the present work
by comparing the overlayer thickness as judged by the
RBS-calibrated QCO with the apparent thickness derived
from the rate of attenuation of Ga 3d core-level intensity.
With laminar growth, and in the absence of Ga outdifus-
sion, the Ga 3d intensity is expected to drop exponential-
ly with coverage. The Ga 3d reduced intensity a
(defined as in[I(d)/I(0)]) can be related to the over-
layer thickness d by the simple relationship
d = —o.k sinO, where A, is the electron attenuation length
and 0 is the emission angle relative to the surface plane.
We have used a value of 24+2 A for A, , as taken from cal-
culations by Tanuma et al. for 1450 eV electrons propa-
gating through bulk Si. We show in Fig. 1(a) the plot of
the total amount of Si deposited, as judged by the QCO,
against the apparent overlayer thickness, as determined
by the method outlined above. The error estimates were
assigned as follows. Based on the high degree of stability
in our x-ray fIux and the excellent signal-to-background
ratio in the Ga 3d peak, we assume that the absolute er-
ror in the Ga 3d peak intensity is negligible compared to
the uncertainty in A,. Therefore, the latter dominates the
total error in d (the abcissa in Fig. 1).

The error assigned to the total amount of Si deposited
is based on an independent calibration by RBS. The total
amount of Si in an overlayer that was estimated to be
-80 A thick by the QCO was determined to be
(4.5+0.8)X10' atoms/cm by RBS. XPD results for
this coverage indicate that the film was completely re-
laxed, as discussed below. Thus, using the surface atom
density for bulk Si (6.8X10' cm ), this coverage is
equivalent to 66+12 ML, or 90+16 A. Assigning an un-
certainty of +10 A (+12%) to our QCO reading brings
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FIG. l. Total Si deposit, as judged by a @CO that was cali-
brated by Rutherford backscattering, plotted against Si over-
layer thickness as determined by the attenuation of the Ga 3d
photoelectron peak intensity. Perfectly laminar growth would
result in a slope of unity. The deviation from unity is consistent
with island formation, which was directly observed by AFM.

the QCO and RBS coverages into agreement within ex-
perimental error. We have therefore assumed an error of
—+12%%uo for all QCO coverage determinations.

The Si overlayer thickness based on Ga 3d attenuation
is consistently less than the Si deposit thickness, and the
di6'erence increases with increasing coverage. This result
suggests that either three-dimensional island formation or
Ga outdiffusion occurs. There is clearly an interface re-
action between Ga and Si, as judged by the presence of an
additional spin-orbit doublet in the high-resolution Ga 3d
spectra, which are discussed in Sec. III B. However, ex-
tensive outdiffusion can be ruled out because the fraction
of the total Ga 3d intensity corresponding to interface re-
action product does not increase with coverage in a way
expected for a surface-segregated species. If surface
segregation of the disrupted Ga species occurs, the frac-
tion of the total intensity corresponding to this species
should increase monotonically with coverage, and such
an increase is not observed. The component of the peak
originating in the substrate should be completely at-

0
tenuated by coverages in excess of —3A, (75 A). Howev-
er, a measurable Ga 3d spectrum from the substrate per-
sists for deposits up to 80 A. Therefore, the persistence
of Ga 3d substrate emission is best interpreted in terms of
island growth. In this case, the core-level attenuation
gives an average thickness over the dimensions of the x-
ray irradiation area (diameter 800 pm for these measure-
ments). If the height of the islands exceeds the escape
depth of the photoelectrons, there will be no signal from
the substrate beneath the islands. More laminar regions
between islands will be thinner than what is expected on
the basis of the QCO thickness, and the apparent film
thickness based Ga 3d attenuation will be less than the
QCO reading.

In order to verify that island formation does indeed

FIG. 2. AFM image of a 60-A Si deposit, as judged by the
QCO. The film thickness based on Ga 3d attenuation was 34 A.
The tendency of Si to form islands on GaAs is the result of its
higher surface-free energy. The presence of islands explains the
discrepancy between the QCO film thickness and the thickness
based on Ga 3d attenuation.

occur, we obtained AFM images for an epitaxial film that
was 60 A thick as judged by the QCO, and 34 A based on
Ga 3d attenuation. One of these micrographs is shown in
Fig. 2. Island formation is clearly visible. The larger is-
lands to the right are —100 A tall and —1300 A wide.
The islands of intermediate size to the left are -40 A tall
and —1000 A at the base. The tendency of Si to form is-

5A (3 ML) (2x1)-Si/n-GaAs(001)

BL
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LEED -48 eV Substrate orientation

~ -Surface As

Q -Second-layer Ga

-Third-layer As

-Fourth-layer Ga

FIG. 3. Orthogonal (2X 1) (LEED) patterns for a 5-A epitax-
ial overlayer of Si on GaAs(001), grown at 400'C. At the right
is a structural diagram of the substrate showing the substrate
crystal orientation relative to the overlayer LEED pattern.
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lands on GaAs is a result of its high surface free energy.
The presence of these islands on the surface explains the
discrepancy between the thickness as determined by the
QCO and Ga 3d attenuation.

We show in Fig. 3 a typical LEED pattern for strained,
epitaxial, undoped Si on GaAs(001) when grown to a to-
tal coverage of less than or equal to —10 A. Also shown
on the right-hand side is the substrate orientation prior to
growth of the Si overlayer. This particular growth was
carried out on a substrate that exhibited a (1X6) LEED
pattern, although the same pattern appears after growth
on (2X4)/c(2X8) substrate surfaces. The pattern re-
veals orthogonal (2X 1) domains, as evidenced by the ex-
tra spots along both horizontal and vertical rows. This
pattern has also been observed in previous investigations
over a range of coverages. ' ' ' The double periodicity
is undoubtedly due to Si dimers in the surface layer, al-
though the detailed surface and interface structure that
gives rise to orthogonal (2X1) domains is not known at
this time.

Si overlayers produced by coevaporation with As4
showed a very weak (1 X 1) LEED pattern or, more fre-
quently, no LEED pattern at all. The absence of a LEED
pattern after the growth of doped Si overlayers is as-
cribed to the buildup of excess, disordered arsenic on the
surface, which was detected by angle-integrated XPS.
Arsenic condensation on the surface probably occurred
during postgrowth cooldown; the residence time of As4 in
the chamber, as judged by a residual gas analyzer,
exceeds the time required for the sample to cool to below
the desorption temperature of As4. XPD angular distri-
butions of Si 2p intensity showed that Si epilayers of the
same thickness with and without As doping possessed the
same overall structural quality, establishing that the lack
of a LEED pattern for doped specimens was indeed due
to the presence of excess As on the surface, rather than
disorder in the epilayer. XPD scans of As 3d intensity
from doped Si overlayers of sufhcient thickness to com-
pletely attenuate Ga 3d emission from the substrate at
shallow polar angles were featureless, indicating that the
surface As was present in disordered form. As atoms in-
corporated at lattice sites in the Si layer would exhibit in-
tensity modulations characteristic of the diamond lattice,
as has been observed for P in epitaxial Ge on GaAs(001). .
However, such modulations would be washed out by the
constant intensity from disordered arsenic on the surface,
particularly if the amount of arsenic in the surface phase
exceeds that in the Si lattice.

In Fig. 4 we show Si 2p, Ga 3d, and As 3d photoelec-
tron azimuthal angular distributions at a polar angle of
35 obtained for such a thin As-doped Si overlayer. This
scan passes through the (111) family of directions that
contains bonds between atoms in adjacent layers with the
nearest-neighbor distance in either the diamond or zing-
blende structure. Strong forward scattering occurs along
these directions, giving rise to peaks at /=0', 90', and
180 in the overlayer, at /=90 in the Ga 3d scan, and at
/=0' and 180 in the As 3d scan. ' The diffraction modu-
lations observed in the Ga and As 3d scans are out of
phase with one another by 90, in keeping with the
structural differences between the cation and anion sub-
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FIG. 4. XPD azimuthal scans of Si 2p, Ga 3d, and As 3d in-
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tensities for a 9-A As-doped Si overlayer on n-type CsaAs(001).
The detailed peak and valley structure seen in the three scans
establishes that the interface is abrupt (see text).

lattices. The Si 2p scan shows the same structure as that
measured for bulk Si(001)-(2X 1), demonstrating that the
majority of Si atoms in the deposit have formed a dia-
mond lattice in the epilayer, as opposed to indiffusing and
occupying substitutional sites in the substrate zinc-blende
crystal. In addition, averaging the Ga 3d and As 3d
scans produces an angular distribution that is extremely
close in appearance to that associated with Si 2p photo-
emission. This outcome is precisely what is expected
given the fact that photoemission is an incoherent pro-
cess. There is no unique phase relationship between pho-
toelectron waves emitted from different lattice sites.
Therefore, the net photoelectron diffraction pattern emit-
ted from a given lattice is the incoherent sum of intensi-
ties from all emitting lattice sites. The diamond lattice
becomes equivalent to the zinc-blende lattice if the cat-
ionic and anionic species in the latter are reduced to a
single species. Thus, the overall photoelectron diffraction
pattern from a diamond structure should, in fact, be the
same as the sum of diffraction patterns from the two
atomic species in a binary zinc-blende structure.

In order to determine the critical thickness of and
tetragonal distortion in epitaxial films of Si on
GaAs(001), we have measured polar scans of Si 2p inten-
sity in the (010) azimuthal plane. These scans exhibit
strong zeroth-order forward-scattering peaks at polar an-
gles near 45' and 90, corresponding to the [101] and
[001] low-index directions, respectively. In addition,
higher-order interference structure is also seen at 0-70'.
The peak along [101]associated with the Si epilayer scan
is shifted to lower polar angle relative to 45.0, the angle
expected and observed for unstrained Si(001). This shift
is the result of tetragonal distortion associated with the
4% lattice mismatch between Si (a =5.43 A) and
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0
GaAs(001) (a =5.65 A). Precise measurement of the an-
gle at which this peak occurs, which we designate as
0~101], provides an estimate of the perpendicular lattice
constant in the epifilm aj.' This determination can be
made only if the in-plane lattice constant, a~l is known.
The relationship between a j, a

~~

and (9~101] is

I~tan [101]'
We plot in Fig. 5 the angle O~, o, ] vs Si over layer thick-

ness, as determined from the attenuation of the Ga 3d
substrate intensity. A constant value of 43.3+0.3' is ob-
served for thicknesses up to —10 A, above which film re-
laxation begins to occur. Film relaxation is detected by a
gradual increase in (9t,o, ]. The film is essentially com-
pletely relaxed by a thickness of 40 A, as evidenced by
the fact that (9~1o1] reaches a value of 44.9+0.2' by this
coverage. The LEED pattern remains a sharp orthogo-
nal (2X 1) for coverages up to —10 A, above which the
spots begin to broaden. There was no detectable change
in the position of the (10) LEED beam relative to the (00)
beam in going from the clean surface to thin Si epilayers
of thickness less than or equal to 10 A. Therefore, we
conclude that the in-plane lattice constant remains equal
to that of the substrate for coverages up to 10 A. The in-
crease in both 8(,o&) and the width of the (10) and (00)
LEED beams for coverages above 10 A suggests that the
critical thickness is 10+1 A. This overlayer thickness
based on Ga 3d attenuation corresponds to a total deposit
of —13 A as judged by the QCO. This value is in excel-
lent agreement with results by Zalm, Maree, and Olthof
for Si on GaAs(001) —c(SX2) at -600'C. These au-
thors noted a change in spacing between the RHEED
diffraction spots at a coverage of 10 ML, which is
equivalent to —13 A. Using a

~l

=5.65 A and
0

0I 101] 43.3 for thicknesses below —10 A, we estimate
a~ to be equal to 5.32+0. 10 A below the critical thick-
ness.
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B. Chemistry of interface formation
and band bending by XPS

We have obtained high-resolution XPS spectra for un-
doped and n+-doped Si overlayers on n- and p-type
GaAs(001) for coverages above and below the critical
thickness. Our goals were (1) to learn something about
the chemistry associated with interface formation, (2) to
determine whether or not the Fermi level is pinned as a
result of coherent bonding across the IV/III-V interface
and to see if the nucleation of misfit dislocations affects
the Fermi-level position, and (3) to elucidate the mecha-
nism responsible for the substantial extent of Fermi-level
movement brought about by changing the doping in the
Si overlayer. Accordingly, we have measured or derived
from experimental measurements several relevant quanti-
ties, which are shown on the energy diagrams found in
Fig. 6. These include EG,3d and Es;2~, the absolute Ga
3d and Si 2p core-level binding energies before and after
heteroj unction formation relative to the Fermi level;
AEcB, the conduction-band offset; EEc&FL, the energy
difference between the conduction-band minimum and
the Fermi level on the GaAs side of heterojunctions
formed with n-type GaAs; and AEFL vB, the splitting be-
tween the Fermi level and the valence-band maximum for
heterojunctions formed with p-type GaAs. In addition,
we have extracted from EEcB„Lthe electronic state den-
sity in the forbidden gap (n, ) for both the free surface of
GaAs(001) and Si/GaAs(001) heterojunctions.

The valence-band offset for a strained-layer heterojunc-
tion can, in principle, be derived from core-level and
valence-band binding energies from the relation

EEv~ = [(ECL EvB )+6, ]——(ECL Evs ) —bEcL . —(1)

Here, AEcL is the binding-energy difference between
representative core levels at the 2/B heterointerface,
Ecr -EvB is the energy difference between the representa-
tive core level and the valence-band maximum for clean,
unstrained surfaces of semiconductors A and 8, and 6,
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azimuthal plane as a function of Si coverage. Deviations from
45.0 indicate tetragonal distortion associated with lattice
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FIG. 6. Energy diagram illustrating the quantities extracted
from analysis of core-level photoemission spectra for interfaces
of Si with n- and p-type CxaAs(001).
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represents the change in energy of the valence-band max-
imum in semiconductor 2 brought about by the biaxial
(in-plane) strain associated with lattice mismatch. Such
strain is believed to produce a splitting in the light-hole,
heavy-hole, and spin-orbit bands, resulting in changes in
the total valence-band spectrum that modify the energy
of the valence-band maximum. The principal difticulty
associated with using this technique is in finding a reli-
able value for 6, . Yu et al. have attempted to determine
an analytic expression for 5, as a function of strain for Si
by carrying out an elaborate set of experiments in which
strained Si overlayers were grown on thick, fully relaxed
Ge„Sii films, which were in turn grown on Ge(001).
The Ge mole fraction was varied from 0 to 3.0. The Si
overlayer thickness was sufhcient to completely attenuate
valence-band emission from the alloy, yet small enough
that the critical thickness was not exceeded. Therefore,
the Si overlayer was subjected to a maximum biaxial
strain equivalent to a 0.07-A deviation in the in-plane lat-
tice constant from the bulk Si value. The resulting ex-
pression for the strain correction is 5, = 1.96 (a

I
—5.431)

(eV). We have used this expression in conjunction with
Eq. (1) to attempt a determination of b.EvB.

In addition, we have used Ga 3d core-level binding en-
ergies to determine the energy difference between the
Fermi level and the conduction (valence) band for n type-
(p-type) GaAs(001) surfaces and interfaces. These expres-
sions are based on values for ECL —EvB measured for
clean n- and p-type GaAs(001)-(2X4) surfaces, which we
have determined to be 18.81+0.04 eV and 18.85+0.04
eV for the n- and p-type surfaces, respectively. The re-
sulting expressions are EECB „L=20.23 Eo,3d (eV) for-
n-type GaAs and bE„LvB =Eo»d —18.85 (eV) for p-type
GaAs.

Finally, we have used angle-resolved XPS to determine
the net surface and interface-state density n, for both
GaAs(001) free surfaces and Si/GaAs(001) heterojunc-
tions. This quantity can be determined rather directly
from core-level XPS measurements. Solution of
Poisson's equation for the GaAs depletion region yields a
relation between the surface potential C&(z =0) and n, .
Using n-type GaAs(001) from this investigation as an ex-
ample, the surface potential is equal to bEc~ EL because
the doping density (5 X 10' cm ) is essentially equal to
the effective density of conduction-band states for GaAs
(4.7X 10' cm ). The value of bEcB„ithat is experi-
mentally determined by XPS is actually an average value
over the probing depth of the photoelectron, which is
—3A, sinO. The attenuation length of Ga 3d photoelec-
trons excited with Al Ko. x rays propagating through
GaAs is -25 A. Therefore, the probing depth for core-
level measurements obtained at normal emission (-75

b

A) constitutes a substantial fraction of the depletion
width, which for the present n-type substrates is —120 A.
In order to determine the true surface potential, we must
integrate N(z) times an appropriate weighting factor to
account for inelastic photoelectron attenuation over the
depletion width, and equate this integral with AEcB „L.
For computational purposes, it is convenient to integrate
from the surface at z=0 to z= ~. Doing so yields

f 4(z)exp( —z/k sin8)dz
l EcB Fi. - f exp( —z/A, sin8)dz

0
1/2

=@(0) 1—
s@(0)

(A, sinO)

elk sin O
(2)

In Fig. 7 we show representative Ga 3d and Si 2p core-
level spectra for clean surfaces of both n-type
GaAs(001)-(2X4) and n type -Si(001)-(2X 1), and hetero-
junctions composed of 9 A (7 ML) of undoped Si and
n +-Si on n-type GaAs(001)-(2 X 4). The doping density
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FIG. 7. Representative Ga 3d and Si 2p core-level photo-
emission spectra obtained at normal emission for undoped and
As-doped Si overlayers on n-type GaAs(001), along with energy
splittings between the conduction-band minimum and the Fermi
level extracted from the Ga 3d spectra.

iV is the bulk doping density and c is the dielectric con-
stant for GaAs. Equation (2) can be solved quadratically
for 4(0), which can then be used to determine n, through
solution of Poisson's equation according to the relation

1/2
2EN@(0)

e
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in the n-type Si(001}specimen was —1X10' cm . The
branching ratio and spin-orbit splitting for all Ga 3d
peaks were taken to be 0.65 and 0.46 eV, respectively. A
mixed fitting function of 60%%uo Gaussian and 40%
Lorentzian character was used for each spin-orbit com-
ponent. The branching ratio and spin-orbit splitting for
the clean Si(001)-(2X 1) surface Si 2p spectrum were fixed
at 0.58 and 0.60 eV, respectively, while the fitting func-
tion was of 50% Gaussian and 50%%uo Lorentzian charac-
ter. However, the significant broadening of the Si 2p
peak originating in the epitaxial layers (to be discussed
below) made fitting these spectra very difficult. We at-
tempted to decompose the Si 2p spectrum from a 3-ML
film into three spin-orbit pairs corresponding to the
slightly inequivalent bonding environments in each of the
epitaxial layers. Each spin-orbit pair possessed the same
peak parameters as those used to fit the clean Si(001)-
(2X 1) spectrum. While an excellent fit was obtained, the
resulting intensities did not match what is expected on
the basis of inelastic attenuation for photoelectrons emit-
ted from three epitaxial layers and an abrupt interface. A
certain amount of Si indiffusion occurs, and this fact
may provide a explanation for this discrepancy. Si
indiffusion certainly does add further complications to
the system. Furthermore, the lack of structure in the raw
Si 2p spectra means that obtaining a unique fit is possible.
Therefore, rather than attempt to carry out an elaborate
multipeak fit, we have opted to fit all Si 2p spectra for the
epitaxial layers with a single doublet, with a splitting of
0.60 eV and an intensity ratio that was allowed to vary
from 0.58 to 0.68 in order to obtain the best fit. The cen-
troid of this doublet then gives us a measure of the auer-
age binding energy over the inequivalent environments in
the epifilm, which we denote as Es; z~.

Looking first at the Ga 3d spectra before and after Si
overlayer growth, a second spin-orbit pair to lower bind-
ing energy from that of the substrate is required to obtain
a good fit to the raw spectrum. We attribute these peaks
to Ga-Si bonding at the interface. Our energy resolution
is not sufficient to permit precise determination of the
binding energy of the doublet. In fact, we found that the
shift relative to the substrate doublet varied from —0.35
to —0.75 eV over the coverage range employed. Our pri-
mary goal was to determine the band bending as accu-
rately as possible, and we found it necessary to let the
binding-energy difference between the dominant substrate
doublet and the much weaker reaction-product doublet
vary over this range in order to obtain the best fit. The
assignment of this doublet to Si-Ga bonding is consistent
with the fact that the electronegativity of Si (1.7) is con-
siderably less than that of As (2.2). Therefore, we expect
the binding energy of Ga atoms bound to Si atoms to be
less than for Ga atoms bound to As atoms, as is observed.
The amount of Ga "consumed" in bonding to Si was, in
general, found to be somewhat greater when Si was eva-
porated alone, as opposed to that associated with coeva-
poration with As. For instance, the numbers of Ga layers
represented by the intensities in the reaction-product
doublets in Fig. 8 are -0.7 ML when Si is deposited
alone and -2 ML when Si and As are coevaporated.
This result suggests that the absence of As4 may result in
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FIG. 8. Valence-band photoemission spectra obtained at nor-
0

mal emission for clean n-type GaAs(001) and a 20-A deposit of
As-doped Si on n-type GaAs(001). The negligible difference in
the leading edge of the spectra near the Fermi level indicates
that the full band discontinuity resides in the conduction band.

partial desorption of the surface As layer as the substrate
equilibrates at the growth temperature 400 C. Such
desorption would expose more second-layer Ga atoms
directly to Si atoms when the Si shutter is opened than
would occur with the fully As-stabilized (2 X4) surface.

The Si 2p binding energy for the undoped epilayer is
quite close in value to that measured for lightly doped n-

type Si(001)-(2X 1), indicating that unintentionally doped
Si on n-type GaAs(001) is actually nominally n type.
This result probably arises because of the incorporation
of trace amounts of As from the As-stabilized GaAs sur-
face into the overlayer.

The Si 2p peak width in the epifilm spectrum
(FWHM= l. 30 eV) is considerably larger than that asso-
ciated with the Si(100)-(2X1)(1.01 eV). In addition, a
slight shoulder to high binding energy is seen. The high
degree of structural order in the near-surface region of
the Si(100)-(2X 1) specimen implies that the vast majority
of subsurface atoms are in identical structural environ-
rnents. In addition, AEcB

„„

in the bulk and at the sur-
face of our Si(001)-(2X1) specimen were determined to
be 0.26 and 0.35 eV, respectively, and the depletion width
is —1800 A. Thus, band bending in negligible over the
photoelectron probe depth (-75 A), and this clean-
surface spectrum provides an excellent reference in which
the width is influenced only by the core-hole lifetime and
the instrument resolution. In principle, the additional
width seen in the Si 2p epilayer spectrum may be the re-
sult of slightly inequivalent electrostatic/bonding envi-
ronments, strain, or band bending within the epilayer.
The high binding-energy shoulder is most likely the result
of interfacial bonding to As atoms, which possess an elec-
tronegativity of 2.2. The band bending is probably not
extensive in the epilayer because the interface state densi-
ty is sufficiently high that the pinned Fermi level at the
free surface remains pinned after undoped Si is grown.
We base this statement on the fact that band bending is
the substrate remains substantial after epigrowth of un-
doped Si. One might expect that satisfaction of all inter-
face bonds, as would occur for a perfect diamond/zinc-
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blende interface, will eliminate gap states and Aatten the
bands. However, such is not the case. Using Eqs. (2) and
(3), we estimate the net free-surface-state density to be
—2. 3 X 10' cm . There is a slight reduction in

EEc~FL after growth of the undoped Si layer, but no
substantial reduction in n, . The Fermi level remains
pinned near 0.6 eV below the conduction-band minimum,
and the rather high density of interface charge probably
terminates the space-charge region of the substrate, leav-
ing the Si essentially field free. This conclusion is in
agreement with that made by Silberman et al. , who mea-
sured substantial increases in the Ga 3d and 2p3/2 bind-
ing energies, but no change in the Si 2p binding energy in
going from thin, epitaxial Si overlayers on p+-GaAs(001)
to the same on n+- GaAs(001). ' They interpreted this
result in terms of a pinned Fermi level at the interface
and a field-free Si overlayer. Therefore, we conclude that
the additional width in the Si 2p epifilm spectrum is
caused by some combination of strain and site ine-
quivalency over the different layers in the film. This con-
clusion is supported by the fact that the Si 2p FWHM
drops steadily from 1.30 eV at a coverage of 9 A to 1.10
eV at an 80 A coverage. Both strain and the inAuence of
the interfacial layer are minimized at this thickness. In
addition, the high binding-energy shoulder disappears
with increasing coverage, which is consistent with the as-
signment of Si atoms bonded to As at the interface.

Looking again at the Ga 3d spectra, the GaAs bands
fiatten considerably when the Si overlayer is heavily
doped with As compared to the situation when Si is un-
doped. In light of the fact that a Si 2p binding energy of
99.67 eV is indicative of a Fermi level -0.35 eV below
the conduction-band minimum for Si(001)-(2X 1 ), the
-0.3-eV increase in the binding energy resulting from
heavy As doping demonstrates that the doped epifilm is

nearly degenerate n type. AECB „Ldrops to 0.27 eV, indi-
cating either a substantial reduction in interface-state
density, or, more likely, a compensation of the positive
space-charge region in the substrate by electrons from the
overlayer.

These results occur consistently for a wide variety of
coverages. A summary of the results are shown in Table
I for deposits ranging from 9 to 80 A. With the excep-
tion of the 80-A coverage of unintentionally doped Si on
p-type GaAs(001), there is only a slight reduction (in-
crease) in band bending relative to the free surface for
growth on n-type GaAs (p-type GaAs). These changes
can be understood in terms of a partial compensation of
the GaAs space-charge region by electrons from the
unintentionally doped Si overlayer. However, there is no
evidence that the Fermi level is unpinned in the sense
that interface states are eliminated. In the event of
Fermi-level unpinning by elimination of interface states,
the bands would Aatten substantially for both n- and p-
type GaAs(001), as occurs when very high quality thin
films of Al Ga& „As(Ref. 28) or Ga As& Se (Refs. 29
and 30) are grown on GaAs. In this case, the interface-
state density is considerably reduced, leading to little re-
sidual band bending. The 80-A Si deposit on p-type
GaAs may have resulted in a more extensive space-
charge compensation due to the larger total number of
carriers available by virtue of the greater film thickness.
There is no change in behavior when we pass through the
Si critical thickness. At this point, misfit dislocations are
nucleated and presumably propagate to the interface.
However, the Fermi level is already pinned, so there is no
increase in band bending due to the introduction of addi-
tional defects.

Looking next to the data for the As-doped Si over-
layers, we again see a substantial and consistent reduction

TABLE I. Absolute binding energies and derived electronic parameters from XPS analysis of
Si/GaAs(001) heterojunctions.

Undoped
Si deposit'

(A) (ML-EQ) b,EcB„L
On n-type GaAs

Esi 2p KEcL AE» Es 2p

On p-type GaAs
AEcL AEv

0 (0)
9 (7)

20 (15)
40 (30)
80 (60)

0.65
0.60
0.61
0.56
0.57

99.60 79.97
99.53 79.91
99.57 79.90
99.55 79.89

0.56
0.62
0.63
0.64

0.44
0.52
0.57
0.54
0.65

99.50 80.13
99.49 80.07
99.55 80.16
99.52 80.02

0.40
0.46
0.37
0.51

As doped
Si deposit'

(A) (ML-EQ)
On n-type GaAs

Es; 2p AEcL AE»
On p-type GaAs

Es; 2p EEcL AEv~

0
9

20
40
80

(0)
(7)
(15)
(30)
(60)

0.65
0.27
0.29
0.36
0.39

99.95 79.99
99.92 79.98
99.87 80.00
99.99 80.15

0.54
0.55
0.53
0.38

0.44

0.77
0.87
0.84

99.81 80.19
99.96 80.24

100.08 80.39

0.34
0.29
0.14

'Deposit thickness determined by RSB-calibrated quartz thickness oscillator. The uncertainties in

AEcB FL, Es; », and AE«are +0.04, +0.02, and +0.03 eV, respectively.
AE» values in this column were determined by the core-level method described in the text. The un-

certainty in hE» is +0.07 eV.
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(increase) in band bending for growth on n-type GaAs
(p-type GaAs). In all cases, the Si is degenerately or near-
ly degenerately doped n type. These large changes in
band bending can be understood in terms of a significant
reduction (increase) in the electric field across the de-
pletion region brought about by electron charge transfer
from the Si overlayer to the substrate, rather than by the
elimination of interface states. Electron transfer from the
overlayer into the bulk is expected for both n- and p-type
substrates as the Fermi levels equilibrate upon formation
of the heterojunction. Such charge transfer will reduce
the net electric field across the depletion region of n-type
GaAs and will increase the field for p-type GaAs. The
net positive charge in the thin Si overlayer will effectively
reduce (enhance) the interface charge density of n-type
GaAs (p-type GaAs). Using Eqs. (2) and (3), we can esti-
mate the change in the interface charge density brought
about by this charge transfer. These equations predict a
drop from —2.3X 10 cm to —1.5 X 10 cm for pg-

type GaAs, and an increase from —1.9X10' cm to
-2.5X10' cm for p-type GaAs. This result is con-
sistent with modeling results by Sambell and Wood, in
which they predict compensation of interface-state
charge when the interface state density is 10' cm and
the n-type Si doping exceeds 2 X 10' cm

It is of interest to inquire about the role of As concen-
tration on the starting surface in affecting band bending
at the Si/GaAs interface. It might be argued that the
band bending is inAuenced by the presence or absence of
excess As on the starting surface, in addition to the
dopant level in the Si overlayer. However, recent high-
resolution core-level studies of GaAs(001) surfaces with
the full range of surface As concentration show negligible
changes in band bending with surface composition. '

Therefore, the changes in band bending we observe are
clearly the result of doping in the Si layer.

We next consider the question of determining the band
offset. As discussed above, the effect that strain has on
the valence-band offset is difficult to precisely determine
when using core-level binding energies. This problem
occurs primarily because of the need to accurately mea-
sure the core-level to valence-band-maximum energy
difference for the strained semiconductor. In the present
case, the problem is further complicated by the breadth
of the Si 2p spectra from the epifilms, the origin of which
is discussed above. We include in Table I values of EEv~
calculated from core-level binding energies using the ex-
trapolated values of 5, for full strained Si on GaAs from
Yu et al. A rather wide spectrum of values is predict-
ed, ranging from 0.14 eV for 80 A of As-doped Si on p-
type GaAs to 0.64 eV for 80 A of unintentionally doped
Si on n-type GaAs. These discrepancies indicate that the
core-level method cannot be used reliably for such sys-
tems. As an alternative, we have measured the valence-
band spectrum directly for 20 A of n -doped Si on n-

type GaAs(001), and have compared with the analogous
spectrum for the clean surface. The core-level analysis
predicts a value of 0.55 eV for AEvB. In Fig. 8, we show
the valence-band spectrum for this heterojunction, ob-
tained at normal emission, overlapped with that from a
clean n-type GaAs(001) surface. We have shifted the
clean-surface spectrum to higher binding energy to
correct for the differences in band bending between the
two surfaces, and to allow for maximum overlap. Clear-
ly, there is no significant difFerence in the leading edge of
the two valence bands. The attenuation length for Al
Eu-excited valence-band electrons is -25 A in both Si
and GaAs. Therefore, the total probe depth at normal
emission is -75 A, and both the substrate and overlayer
valence bands should contribute to the total spectrum in
a measurable way. A valence-band offset of —~0. 1 eV
should be readily visible in the spectrum for the hetero-
junction. However, the extremely high degree of similari-
ty between the clean-surface and heterojunction spectra
indicates that AEvB is -0 eV. Thus, the entire band
offset (-0.3 eV) is in the conduction band, in agreement
with current-voltage measurements of Al/Si/GaAs(001)
samples.

IV. CONCLUSIONS

We have examined the chemical, structural, and elec-
tronic properties of Si overlayers on n-type and p-type
GaAs(001)-(2 X 4). Our goal was to investigate the
infIuence of such Si overlayers on band bending in the de-
pletion region of GaAs(001), and to see how the electron-
ic properties of the interfacial region depend on structure
and interface chemistry. We find that limited interfacial
reaction between Si and Ga occurs for all coverages stud-
ied. The critical thickness was determined to be 10+1 A,
and the lattice constants parallel andperpendicular to the
interface were measured to be 5.65 A and 5.32+0. 10 A,
respectively. Undoped Si overlayers preserve the band
bending found on clean surfaces of both n- and p-type
GaAs(001) for coverages below and above the critical
thickness, while heavily As-doped Si layers substantially
Aatten the bands on n-type GaAs, while increasing band
bending on p-type GaAs. Thus, it appears that epitaxial
growth of Si does not unpin the Fermi level in the sense
of eliminating interface states. Rather, heavy n-type dop-
ing in the Si overlayer reduces (increases) band bending
on n-type (p-type) GaAs by inducing electron transfer
into the depletion region and effectively lowering (in-
creasing) the electric field across the space-charge region.
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