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Si and Be intralayers at GaAs/AlAs heterojunctions: Doping effects
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Experimental studies that suggest the possibility to ’’engineer’’ band offsets in semiconductor heterojunc-
tions by means of intralayers have been controversially discussed. Here, Si and Be insertions at GaAs-on-
AlAs~100! interfaces are investigated by photoelectron spectroscopy~PES! using synchrotron radiation. Our
aim is to clarify the effect that band bending imposes on the determination of interface band offsets. The
Ga(3d)-to-Al(2p) core-level energy separation is found to increase upon Si insertion, and to decrease upon Be
insertion. The surface Fermi level moves closer to the valence-band maximum in Si-containing samples, while
it moves away in Be-containing ones. These results are consistent with then-type andp-type doping behaviors
typically exhibited by Si and Be impurities in GaAs~100!. The observed core-level offset variations support an
interpretation based on band-bending arguments, rather than on the commonly invoked band-offset changes. A
simple ’’overlayer-capacitor’’ model is proposed to illustrate the physical origin of such band-bending effects.
@S0163-1829~98!08643-3#
is

s

es

s

ei
o

e
0
i
y
nt
ce

lo-
ight
he
ce-

two

tter
ere-
for
o as
ed
ter-
els
ion
ds
be

den
cu-
ter-
me-

S

-

I. INTRODUCTION

The insertion of Si layers into III-V semiconductors
motivated by two technological interests:~i! control of band
offsets at heterointerfaces,1 and ~ii ! generation of a two-
dimensionally-confined electron gas within ad-doped
layer.2–4 For both applications the insertion is performed u
ing similar molecular-beam-epitaxy~MBE! procedures.
However, the inserted impurities may play different rol
depending on the concentration and atomic configuration
the intralayer. The ideal~100! surface of GaAs contain
6.2631014 atoms cm22. The d-doping concept deals with
Si concentrations typically below/around 1013 atoms cm22,
so that Si atoms have a doping role, some electrons b
released to the host semiconductor lattice. Band-offset c
trol was first attempted throughdoping-relatedmethods, like
the doping interface dipole~DID!,5 quantum interface-
induced dipole ~QUID!,6 and modulation-doping plus
compositional-grading7 methods. Later,intralayer-induced
interface-dipolemethods were proposed, where intralay
concentrations reaching the monolayer level (114

atoms cm22) are required.8,9 Although in this case most S
electrons remain localized close to Si cores, the intrala
insertion induces some charge displacement around the i
face, resulting in the formation of microscopic interfa
dipoles.10

Photoelectron spectroscopy~PES! is widely used to deter-
PRB 580163-1829/98/58~20!/13767~11!/$15.00
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mine valence-band offsets at heterointerfaces.11 This tech-
nique measures the kinetic energy of electrons originally
cated inside the solid that have escaped from it due to l
excitation. Such kinetic energy is directly related with t
binding energy of the electrons in the solid. The valen
band discontinuity at semiconductor heterointerfaces (DEV)
can be derived from the energy offset measured between
core levels from each side of the interface (DECL). The
strong scattering suffered by electrons moving inside ma
causes the PES signal to rapidly attenuate with depth. Th
fore, in order to determine band offsets, it is necessary
the interface to be located close enough to the surface, s
to permit the detection of the signal coming from the buri
layer of the heterostructure. However, the band-offset de
mination by core-level PES is accurate only if energy lev
do not suffer energy variations along the photoemiss
probing depth. If chemical reactions take place, or if ban
are bent close to the surface, the data analysis should
carried out with great care, since these effects may broa
and/or shift the core-level peaks, which may lead to inac
racies. Therefore, the valence-band offset directly de
mined from the core-level offset measured by PES is so
times called theapparentoffset (DEV* ); it equals thereal
offset (DEV) only if the energy values derived from PE
data actually correspond to the energy values at theinterface.

Using PES, Sorbaet al. have studied the effect of Si in
tralayers at GaAs-AlAs polar heterojunctions,12 and Marsiet
13 767 ©1998 The American Physical Society
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13 768 PRB 58M. MORENO et al.
al. at GaAs-GaAs polar homojunctions.13 Their experimental
results were interpreted as a demonstration of the band-o
tuning effect predicted by theory.8,9 However, criticisms of
this interpretation have argued that such PES results c
actually be connected with the existence of a sharp overla
band bending.14,15In fact, the interpretation in terms of band
offset changes within the framework of the ‘‘microscop
interface-capacitor’’ model10 does not provide a consisten
explanation for all of the experimental results already
ported. For instance, the absolute value of the intralay
inducedDEV change was predicted, according to this mod
to monotonically increase with intralayer thickness, at le
up to intralayers 2 ML thick;9 however, the effect has bee
experimentally observed to saturate at submonolayer con
trations, the largest change being obtained for intralay
about 1/2 ML thick.12 Moreover, the microscopic interface
capacitor model emphasizes that band-offset changes ca
achieved only if the interface has apolar geometry;10,16how-
ever, core-level offset variations have been observed on
lar and nonpolar interfaces.15,17 Thus, intralayer-induced
band-offset modifications have not yet been rigorously de
onstrated on these systems, because of the lack of a d
and truly local technique able to measure band offsets.

By relying solely on PES, it is difficult to assess wheth
the variations observed in the Al(2p)-to-Ga(3d) energy
separation upon Si insertion at GaAs/AlAs junctions are d
to a modification of the interfaceband offset, or to a varia-
tion of theband-bending profilenear the surface. Such ban
bending effects are not easily measurable, or even detect
by photoemission spectroscopy.18,19 However, investigating
the insertion of intralayers with different doping behavio
may help to elucidate which is the correct interpretation
the core-level PES results. This paper reports on the effe
inserting Si and Be intralayers into GaAs-on-AlAs~100! het-
erojunctions, as investigated by PES using synchrotron
diation. Silicon exhibits an amphoteric doping behavior
GaAs that depends on growth conditions; under the stan
GaAs~100! growth conditions Si behaves as a donor imp
rity. Beryllium is the impurity most commonly employed t
obtainp-type doping in GaAs. If core-level offsets were a
tually modified by variations of the band profile, then o
should expect changes of opposite sign for Si and Be in
layers, sincen-type andp-type impurities induce band bend
ings of opposite sign. On the other side, according to Ha
son’s ‘‘microscopic interface-capacitor’’ picture,10 band-
offset changes are expected to occur in polar III-V/III-
heterointerfaces@such as GaAs-AlAs~100!# upon insertion of
a group-IV intralayer~like Si!, but it is not a priori clear
which should be the effect for insertion of a group-II intr
layer ~like Be!. Note that, within Harrison’s model, the am
photeric behavior of the intralayer plays a key role in e
plaining the band-offset changes: the group-IV intrala
becomes positively ionized at the anion-terminated side
the interface~III-V/IV !, whereas it becomes negatively io
ized at the cation-initiated side~IV/III-V !. Within this con-
text, a III-V/III-V isovalent polar interface with a group-IV
intralayer can be viewed as a pair of III-V/IV heterovale
interfaces, acting as the parallel plates of a microscopic
pacitor. In particular, the microscopic interface-capaci
model predicts an increase of the band-offset at GaAs
AlAs~100! interfaces upon Si insertion. For the case of
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intralayers, detailed calculations of the charge transfer at
interface would be required for any prediction on band-off
changes. By comparing the effects of inserting Si and
intralayers, the present study aims at clarifying the effect t
band bending imposes on the determination of interface b
offsets. Within this context, the possible modifications of t
Fermi-level surface pinning-position induced by the Si a
Be insertions are also examined.

II. EXPERIMENT

The GaAs/AlAs heterojunctions of the present study w
grown by molecular-beam epitaxy~MBE!; the growth pa-
rameters employed are summarized in Table I. We used
ready heavily Si-doped GaAs substrates (n51
31018 cm23), with a ~100!-2° off toward (111)A orienta-
tion. First, a 0.3-mm-thick Si-doped GaAs buffer layer wa
grown (n5131018 cm23), followed by a 20-nm-thick un-
doped AlAs layer. At this point, a layer of Si or Be with
density of 2.231014 atoms cm22 @about 1/3 of the atomic
sites in a~100! monolayer# was inserted in some sample
Finally, all samples were terminated by a 2-nm-thick, nom
nally undoped, GaAs layer. Growth rates were calibrated
ing RHEED ~reflection high-energy electron diffraction!
specular-beam intensity oscillations. Si and Be fluxes w
determined byCV ~capacitance-voltage! profiling measure-
ments performed on homogeneously doped GaAs calibra
layers. The substrate temperature during growth was m
sured using a thermocouple, placed at the back of the s
strate holder, which was calibrated by taking as a refere
point the temperature of the GaAs oxide desorption@580 °C
on GaAs~100!#. Si and Be insertions were performed follow
ing a d-doping protocol different from the conventiona
method used in previous PES studies. The method we h
used combines a pulsed low-flux impurity-deposition tec
nique, and the employ of a slight substrate misorientat
@2° off toward (111)A]. This has been shown to improv
the structural quality and the doping efficiency for inserti
of Si layers in GaAs~100!.20,21Growth of GaAs overlayers in
samples containing a Si or a Be intralayer was performe
a reduced substrate temperature to minimize segregation
out-diffusion of intralayer atoms.

The samples were analyzed by PES, using synchro
radiation coming from the TGM6 and TGM2 beam lines
BESSY I ~Berliner Elektronenspeicherring-Gesellschaft f¨r
Synchrotronstrahlung mbH!, and from the SU6 beam line o
LURE ~Laboratoire pour l’Utilisation du Rayonnemen
Electromagne´tique!. Electron kinetic-energy distribution
curves ~EDC! were recorded for each sample. We used
heavily doped substrate to prevent the samples from be
charged during the photoemission analysis. The Ga(3d),
Al(2 p), As(3d), and valence-band-edge emissions from
heterojunctions, as well as the Fermi-edge emission from
gold foil ~in electrical contact with the semiconducto
samples! were recorded at a fixed photon energy. This p
cedure was repeated for several photon energies. Elect
were collected and counted in the normal-emission geom
by an angle-resolving analyzer. The overall energy reso
tion was 150–300 meV in the range of photon energies u
~40–95 eV!.

Samples analyzed at BESSY I were vacuum-transfer
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TABLE I. MBE-growth parameters of the different types of samples analyzed here.

GaAs/AlAs~100! GaAs/Si/AlAs~100! GaAs/Be/AlAs~100!

Substrate
orientation (100)-2°→(111)A (100)-2°→(111)A (100)-2°→(111)A
Si doping 131018 cm23 131018 cm23 131018 cm23

Buffer layer
thickness 0.3mm 0.3 mm 0.3 mm
T ~substrate! 590 °C 590 °C 590 °C
growth rate 0.2mm/h 0.2 mm/h 0.2 mm/h
Si doping 131018 cm23 131018 cm23 131018 cm23

Buried layer~AlAs!

thickness 20 nm 20 nm 20 nm
T ~substrate! 610 °C 610 °C 610 °C
growth rate 0.2mm/h 0.2 mm/h 0.2 mm/h
Si doping

Intralayer
2D density 2.231014 Si atoms cm22 2.231014 Be atoms cm22

T ~substrate! 590 °C 500 °C
flux~pulsed! 231011 cm22 s21 231011 cm22 s21

Overlayer~GaAs!
thickness 2 nm 2 nm 2 nm
T ~substrate! 610 °C 540 °C 450 °C
growth rate 0.2mm/h 0.2 mm/h 0.2 mm/h
Si doping
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from the MBE growth-chamber to the photoemission ana
sis chamber, at the synchrotron installation, by using a sm
UHV chamber with a base pressure in the high-10210-mbar
range. All PES measurements were performed during
first week following the MBE sample growth. The sampl
and a gold foil were placed together in the analysis cham
under electrical contact and grounded. We used a mult
sample holder that accommodated several samples, so
they could be measured consecutively under the same
perimental conditions.

III. RESULTS

The band offset at GaAs-AlAs heterojunctions can be
termined by measuring the energy separation between
-
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Ga(3d) and Al(2p) core-level emissions. Spectra of th
type recorded in BESSY I are shown in Fig. 1 for GaAs-o
AlAs~100! heterostructures with and without a Si intralay
~open and solid symbols, respectively!. The Al(2p) and
Ga(3d) core-level spectra have been area normalized, tha
the peaks compared have the same area. The spectr
displayed without performing any kind of energy alignme
so as the Fermi energy coincides for both samples. The c
level spectra from both types of heterostructures, and
Fermi-edge reference spectrum from the gold foil were
corded consecutively under the same experimental co
tions, so that the results can be directly compared. We u
95-eV photons; at this photon energy, the Ga(3d) emission
is recorded with a high surface sensitivity, while the Al(2p)
the Si
area
in the
FIG. 1. Al(2p) and Ga(3d) EDC spectra recorded with 95-eV photons on GaAs/AlAs~100! ~solid circles! and GaAs/Si/AlAs~100! ~open
circles! heterojunctions~GaAs on top!. The gold Fermi-edge spectrum is also displayed for reference. The nominal concentration of
intralayer is 2.231014 atoms cm22, which corresponds to 1/3 of a~100! monolayer. The core-level spectra are shown after peak-
normalization. The origins of the recorded Al(2p) and Ga(3d) signals within the sample are schematically depicted as shaded regions
inset.



ra

-

e
-

y
n
s
d
re
-

13 770 PRB 58M. MORENO et al.
FIG. 2. Al(2p), Ga(3d) and
valence-band-edge EDC spect
from GaAs-on-AlAs~100! hetero-
junctions without ~solid circles!
and with ~open circles! an intra-
layer, obtained using 95-eV pho
tons. The effects of~a! Si- and~b!
Be- insertions are compared. Th
nominal concentration of the intra
layer is 2.231014 atoms cm22.
Every set of spectra from ever
sample has been rigidly shifted i
energy to align the extreme edge
of the respective valence-ban
spectra. The core-level spectra a
shown after peak-area normaliza
tion.
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signal is more bulk sensitive. As it is schematically depic
in the inset of Fig. 1, most of the Al(2p) signal originates
within a narrow portion of the AlAs buried layer, close to th
GaAs/AlAs interface, while most of the Ga(3d) signal origi-
nates within a narrow portion of the GaAs overlayer, close
the surface~shaded regions!. It can be seen that upon S
insertion the Ga(3d) peak remains at nearly the same ene
position, while the Al(2p) peak is strongly shifted toward
lower kinetic energies, hence the Al(2p)-to-Ga(3d) energy
separation increases. The core-level offset (DECL) measured
on heterostructures without intralayer is 54.50 eV, and
Si-containing samples it amounts to 55.12 eV. These off
refer to the energy separation measured between the
troids of the two peaks, the ‘‘centroid’’ being defined as t
energy value that divides the peak into two parts of eq
area. Theapparentvalence-band offset (DEV* ) can be de-
rived from the measuredDECL offset using the equation,

DEV* 5DECL2j, ~1!

where

j5EAl ~2p!
AlAs 2EGa~3d!

GaAs . ~2!

j amounts to 54.00 eV. This value is obtained from the bi
ing energies known for the Al(2p) core level in bulk AlAs
@EAl(2 p)

AlAs 572.86 eV#, and for the Ga(3d) core level in bulk
GaAs@EGa(3d)

GaAs 518.86 eV#.12 Hence,DEV* amounts to 0.50
eV in heterointerfaces without intralayer, and to 1.12 eV
Si-containing samples; that is, the apparent valence-band
set increases upon Si insertion, in qualitative agreement
previous x-ray photoelectron spectroscopy~XPS! reports.12

However, the increment ofDEV* observed for our GaAs/Si
AlAs~100! heterostructures~0.62 eV! is markedly larger than
the value previously reported for the same—1/3 ML— int
layer concentration~0.25 eV!; it is even larger than thesatu-
ration value previously reported for a 1/2-ML intralayer co
centration~0.33 eV!.12

Si and Be insertions were compared in another exp
ment, using different samples, and a different experime
d
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station of BESSY I. Figure 2 displays Al(2p), Ga(3d), and
valence-band-edge spectra recorded with 95-eV photon
different GaAs-on-AlAs~100! heterostructures:~i! without
intralayer ~solid symbols!, ~ii ! with a Si intralayer@open
symbols in Fig. 2~a!#, and ~iii ! with a Be intralayer@open
symbols in Fig. 2~b!#. The Si and Be intralayers have th
same nominal concentration (2.231014 atoms cm22). Core-
level intensities have been area normalized. The orig
kinetic-energy scale has been converted into a rela
binding-energy scale, whose reference zero was arbitra
chosen at the centroid position of the Ga(3d) peak recorded
on GaAs/AlAs~100! samples without intralayer. The varia
tions of the Fermi-level surface pinning-position induced
the Si and Be insertions are examined in detail below.
will be later justified, the core-level energy shifts caused
such variations can be subtracted by rigidly shifting each
of spectra from the intralayer-containing samples until
leading edge of the respective valence-band spectrum c
cides with the edge of the GaAs/AlAs~100! sample without
intralayer. This alignment procedure was performed in Fig
because it allows us to show more clearly the net variati
of DECL caused by the intralayer insertions. Th
Al(2 p)-to-Ga(3d) energy separation is observed toincrease
upon Si insertion, and todecreaseupon Be insertion. The
core-level offset measured on heterostructures without in
layer is 54.50 eV, and on Si-containing~Be-containing!
samples it is 55.09 eV~54.31 eV!. Hence, theapparent
valence-band offset increases by 0.59 eV upon Si insert
while it decreases by 0.19 eV for Be insertion. Note that
spectra displayed in Fig. 2~a! reproduce the numerical resul
from Fig. 1 for the effect of Si insertion in a complete
independent experiment, although with a somewhat low
energy resolution.

At this stage we should justify our choice of energy alig
ment performed in Fig. 2 to eliminate the energy shi
caused by intralayer-induced variations of the Fermi-le
surface pinning position. This is equivalent to assuming t
the extreme edges of the three valence-band spectra
played in Fig. 2 correspond to emissions originating from
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valence-band maximum~VBM ! at the surface of the GaA
overlayers. Normally, at GaAs/AlAs interfaces, bands al
according to the so-called type-I arrangement, with the
of the narrow-gap material~GaAs! completely contained
within the gap of the wide-gap material~AlAs!. Therefore,
the VBM is expected to lie at a higher position along t
GaAs overlayer than along the AlAs layer. Hence, althou
the valence-band spectra from heterojunctions generally
clude overlapping features from each component, the ou
most edges of the valence-band spectra displayed in Fi
are expected, in this particular case, to correspond to V
emissions from the surfaces of the respective GaAs over
ers. Such expectation is confirmed by the fact that
Ga(3d) to valence-band-edge energy separations that ca
measured in Fig. 2 correspond to the binding energy of
Ga(3d) level ~18.86 eV!. Figure 3 displays the valence
band-edge spectra from the three types of GaAs-
AlAs~100! heterostructures, along with the Fermi-edge sp
trum recorded on a gold foil that was in electrical conta
with the semiconductor samples. As in Fig. 2, the spec
have been rigidly shifted to align the respective valence-b
extreme edges, so that the shifts of the Fermi edge displa
in the figure show the changes of the Fermi-level surf
pinning position within the GaAs band gap~illustrated in the
insets of Fig. 3!. In GaAs/AlAs~100! heterostructures with
out intralayer, the surface Fermi level is observed to lie 0

FIG. 3. Valence-band-edge spectra from GaAs-on-AlAs~100!
heterojunctions without~solid circles! and with ~open circles! an
intralayer, and Fermi-edge spectrum from a gold foil that was
electrical contact with these samples. The effects of~a! Si and~b!
Be insertions are compared. The nominal concentration of the
tralayer is 2.231014 atoms cm22. The spectra were obtained usin
95-eV photons, and they have been energy aligned as in Fig. 2.
shifts of the Fermi-edge spectrum displayed in the figure reflect
variations of the Fermi-level surface pinning-position occurr
upon intralayer insertion, which are schematically represente
the insets.
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eV above VBM; in GaAs/Si/AlAs~100! samplesEF
surf lies at

0.78 eV, whereas in GaAs/Be/AlAs~100! samples it lies at
1.09 eV. Hence, upon Si insertion the surface Fermi le
approaches VBM by 0.17 eV, while it shifts away by 0.1
eV upon Be insertion.

As(3d) spectra include signals coming from the GaA
and the AlAs parts of the heterostructure. Since both con
butions are not easily distinguishable, As(3d) spectra alone
should not be used to determine the band alignment at Ga
AlAs heterojunctions; such information is better extract
from the analysis of Ga(3d) and Al(2p) spectra. Neverthe-
less, the As(3d) signal may provide additional information
The As(3d) spectra from our Si-containing junctions a
simply broader than those from the heterostructures with
intralayer. However, the As(3d) spectra from Be-containing
junctions reveal a pronounced modification. This is shown
Fig. 4, which displays As(3d) and Ga(3d) spectra recorded
on GaAs/AlAs~100! heterostructures with a Be intralaye
~open symbols!, and without it ~solid symbols!. Similar
As(3d) peak-shape changes are observed using 95-
60-eV photons~Fig. 4!, which correspond to surface- an
bulk-sensitive conditions, respectively. Without performi
any deconvolution analysis, it can be observed from the
data that a distinct extra emission appears in thehigh-
binding-energy side of the As(3d) peak recorded on Be
containing heterostructures. Taking into account our Ga(3d)
and Al(2p) data, such extra component cannot be con
tently associated with either an emission from bulk GaAs,
an emission from bulk AlAs, shifted in energy relative to th
corresponding emission in samples without intralayer
cause of an electronic mechanism~band-offset or band-
bending change!. If the shifted As(3d) emission was to be

n

n-
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e
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FIG. 4. As(3d) and Ga(3d) EDC spectra from GaAs-on
AlAs~100! heterojunctions without~solid circles! and with ~open
circles! a Be intralayer. The nominal concentration of the intralay
is 2.231014 atoms cm22. The spectra were obtained by illumina
ing the samples with~a! 95-, and~b! 60-eV photons. They have
been energy aligned as in Fig. 2.
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13 772 PRB 58M. MORENO et al.
connected with an emission from bulk GaAs, then a sim
shift should be observed for the bulk Ga(3d) signal. Figure 4
shows that this does not occur. On the contrary, the Ga(d)
core-level spectra from heterojunctions with and withou
Be intralayer are nearly identical. If the extra As(3d) emis-
sion was emanating from bulk AlAs, then a similar sh
should be observed on the Al(2p) peak. Again, our experi-
mental results do not confirm such a behavior, since
shifts of this As(3d) component and of the correspondin
Al(2 p) peak haveoppositesigns~Figs. 2 and 4!. It appears
thus that the As(3d) line-shape changes observed upon
insertion have mainly achemicalorigin rather than an elec
tronic one. Moreover, the insensitivity observed in t
As(3d) emission to variations of the probing depth sugge
abulkorigin for the extra component, rather than a surface
interface origin. Then, such component can be tentativ
associated with emissions from arsenic atoms located
along the overlayer region, in a modified environment res
ing from beryllium out-diffusion processes.

Recently, Wilkset al. have reported22 a photoemission
study on the effect of 1-ML-thick Si and Be intralayers
GaAs-on-Al0.8Ga0.2As(100) heterojunctions. They reported22

As(3d) line-shape changes quite similar to those we h
found for our GaAs-on-AlAs~100! structures upon insertion
of 1/3-ML-thick Si and Be intralayers. In contrast with ou
interpretation, they assign the As(3d) line-shape changes ob
served for Be insertion to a modification of the valence-ba
offset by 20.52 eV.22 Since their study is based on th
As(3d) line, they have to revert to a line-shape analysis
order to extract what they suggest is the contribution fr
either side of the heterojunction, by assuming that chem
components are small and confined to the interface regio22

In contrast, our study does not rely on line-shape anal
and its underlying assumptions. Rather, we use the Ga(d)
and Al(2p) peaks, since each of these signals is restricte
one side of the interface. As mentioned above, in our c
the Ga(3d)-to-Al(2p) offset is reduced upon Be insertion b
0.19 eV. Considering the As(3d), Ga(3d), and Al~2p! data
displayed in Figs. 2 and 4, it is clear that the As(3d) line-
shape changes we have observed upon Be insertion ca
be interpreted in terms of electronic variations. It seems
there are chemically induced changes in the As(3d) line
shape, which are bound to seriously affect the analysis of
data by Wilkset al.22 in terms of band-offset changes.

IV. DISCUSSION

The most important issue in interpreting the core-le
shifts displayed in Figs. 1 and 2 is to elucidate whether th
can be unambiguously related to band-offset changes, as
viously reported. Although a change of the interface ba
offset can certainly modify the measured Al(2p)-to-Ga(3d)
energy separation, a change of this core-level offset does
necessarily imply a band-offset modification. For instance
will be shown in detail below, this separation can be affec
by variations in the band-bending profile. Hence, the int
pretation of such core-level data is not unique. The exp
mental results presented in the preceding section have
vealed an opposite behavior of the core-level separation
surface Fermi-level position for Si and Be insertions, wh
is qualitatively consistent with an explanation in terms
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band-bending effects and a doping role of the inserted im
rities. In the following, we examine whether the ‘‘band
bending’’ interpretation is also quantitatively consistent w
our experimental results.

As illustrated in Fig. 5~a!, our samples include three we
distinguished regions:~i! the GaAsn-doped substrate~region
III !, ~ii ! the AlAs buried layer~region II!, and~iii ! the GaAs
overlayer~region I!. Some samples contain a Si or a Bed
layer inserted at the interface position, between regions I
II. The band profile along the different regions can be cal
lated by solving the Poisson equation for the charge dis
bution that corresponds to each type of sample, including
appropriate charge neutrality and boundary conditions. T
summation of the potential variations along every reg
must equal the magnitude of the band bending across
entire semiconductor structure, which is a known parame
given by the difference between the energy positions of
Fermi level deep in the bulk and at the surface. Due to
high n-type doping of the substrate (n51018 cm23), in all
the samples the Fermi level lies close to the conduction-b
minimum ~CBM! deep in the bulk. However, its position a
the surface has been experimentally determined to be di
ent for each of the three types of heterostructures consid
~Fig. 3!.

We have calculated the band profile in heterostructu
without intralayer by assuming the following charge dist
bution: ~i! a charged-sheet located at the surface, repres
ing the charge trapped in surface states (sSS), and ~ii ! a
carrier-depleted charged-volume located at the shallow
part of the Si-doped GaAs substrate, which consists o
homogeneous distribution of positively ionized Si atom
(rdep); see Fig. 5~b!. The corresponding band profile is dis
played in Fig. 6~a!. It can be seen that band bending tak
place mainly along the AlAs buried layer, and that the p
tential varies very little along the GaAs overlayer, by on
0.03 V. Thus, this calculation confirms that in heterostru
tures without an intralayer the overlayer bands are nearly
as usually assumed in PES determinations of band offse23

When accounting for the doping character of Si and Be
GaAs, it seems plausible that the above band profile may
modified by the insertion of intralayers. We have assum

FIG. 5. ~a! Schematic representation of the sample structure.~b!
Model charge configuration assumed in our calculations.
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that in our intralayer-containing samples a part of the
serted atoms plays adopingrole; that is, a certain fraction o
the inserted Si~Be! atoms is positively~negatively! ionized,
electrons~holes! having been released to the host semic
ductor lattice. Such a fraction will be called ‘‘efficient dop
ing concentration.’’ Although the exact final distribution o
the intralayer atoms is unknown, and some segregation
out-diffusion is expected to occur, a certain fraction of t
inserted atoms is likely to remain localized at the interfa
position. For simplification, we have assumed that all int
layer atoms acting as dopants~efficient doping concentra
tion! are confined at the interface position. This assumpt
is quite strong, and is not expected to exactly match the
situation, since some of the out-diffused atoms could a
have a doping role. Therefore, the results discussed below
simple calculations that we have performed based upon
above assumptions, should be regarded only as illustra
ones. Any experimental result that could provide additio
information on the real atomic distribution in this type
samples would be of great importance to achieve more a
rate calculations.

Theoretical calculations have shown that the incorpo

FIG. 6. Band profiles of our~a! GaAs/AlAs~100!, ~b! GaAs/Si/
AlAs~100!, and ~c! GaAs/Be/AlAs~100! heterostructures. They
have been calculated considering the model and assumption
scribed in the text. An efficient doping concentration of 2.
31013 cm22 has been assumed for the case of Si, and of
31012 cm22 for the case of Be.
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tion of a Si-d-layer in bulk GaAs induces aV-shaped poten-
tial, which confines the impurity electrons within the plan
of the dopants. Such calculations are performed by s
consistently solving the Schro¨dinger and Poisson equation
the impurity electrons are usually represented by plane-w
functions, and thed layer is seen as inserted within an infi
nite solid. The proximity of a surface considerably alters t
properties ofd-doped layers.24 As thed layer gets close to a
surface, an increasing fraction of impurity electrons becom
trapped in surface states. Sampaioet al. calculated24 that
about 45% of the impurity electrons are at the surface fo
Si-d-layer located 200 nm away from the surface and with
concentration of 731011 cm22. Experimental results have
also shown that the position of thed layer with respect to the
surface is an important parameter. For instance, the inten
of reflectance-anisotropy-spectroscopy~RAS! features has
been found to vary with the position of thed plane from the
GaAs surface.25 In our samples, thed layer has been inserte
at the GaAs/AlAs interface, which is located 2 nm aw
from the surface. According to the hydrogen model, the fir
orbit radius of impurity electrons in GaAs amounts to 10 n
Thus, in our case, due to the close proximity of the surfa
it is unlikely that the impurity electrons provided by the
intralayer may move freely along the interface. On the co
trary, most of them are probably trapped in surface sta
The same types of arguments can be applied to the cas
Be, but considering holes instead of electrons. We are t
essentially faced with an electrostatic problem, and in or
to calculate the band profiles in our intralayer-containing h
erostructures we have thus considered a static,capacitorlike,
charge distribution@schematically depicted in Fig. 5~b!#,
where the electrons~holes! provided by the intralayer are
separatedfrom their parent Si~Be! atoms, and trapped in
surface states. This sample charge distribution is simila
the one considered for heterostructures without intralay
but includes also a positively~negatively! charged shee
(sd), located at the interface position, which represents
charge from ionized Si~Be! atoms. Note that the charges
the surface and at the carrier-depleted region of the subs
are modified to satisfy the charge-neutrality condition.

The band profile in intralayer-containing samples depe
on the amount ofionizedintralayer atoms. The band bendin
across the overlayer region can be calculated for a fixed
tralayer charge density, or conversely, one can calculate
intralayer charge density that produces a certain poten
variation across the overlayer. We have calculated
amount of ionized intralayer atoms required to induce
variation in the magnitude of the overlayer band bending t
equals the changes observed in the Al(2p)-to-Ga(3d) offset
displayed in Fig. 2. According to our calculations, a conce
tration of 2.3931013 atoms cm22 (7.431012 atoms cm22)
must be positively~negatively! ionized to account for the
experimental results obtained for insertion of Si~Be!. Fig-
ures 6~b! and 6~c! display the band profiles calculated fo
heterostructures containing intralayer charged sheets with
above concentrations. It can be seen that then-type Si d
layer induces a sharpupwardoverlayer band bending, while
the p-type Be d layer causes adownwardoverlayer band
bending. Hence, according to the above model, the band
files in GaAs/AlAs heterojunctions located close to a surfa
and containing a Si or a Be intralayer, do not correspond

de-

4



-
n

or-

om
eri-
es

13 774 PRB 58M. MORENO et al.
FIG. 7. ~a! Close up view of the band dia
grams displayed in Fig. 6, focusing on the regio
close to the surface, and depth profiles of the c
responding Al(2p) and Ga(3d) levels.~b! Aver-
age energy values expected to be obtained fr
PES measurements, performed under the exp
mental conditions of Fig. 2, on heterostructur
with the energy profiles of Fig. 7~a!.
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the ‘‘normal’’ situation of flat overlayer bands, which occu
in heterostructures without intralayer. On the contrary,
intralayer insertion induces a significant bending of the ov
layer bands.

In order to understand how such intralayer-induced mo
fications of the band profile can alter the Al(2p)-to-Ga(3d)
energy separation measured by PES, we need to take
account that photoemission does not only probe the inter
region, but adds up signals coming from atoms located
different depths. Each contribution is weighted by an ex
nential factor, which accounts for the attenuation of the s
nal due to the electron scattering, so that the PES ave
energy of a core levelECL can be written as follows:

ECL5

E
0

`

ECL~z!exp~2z/l!dz

E
0

`

exp~2z/l!dz

, ~3!

whereECL(z) describes the energy value of the core level
a function of the depthz, andl is the photoelectron attenu
ation length. Hence, PES probes a certain volume of
sample close to the surface, enhancing the signals com
from shallow regions over those originating in the deep l
ers. Figure 7~a! shows a close-up view of the band profil
displayed in Fig. 6, focusing on the region of interest
photoemission, that is, the entire GaAs overlayer, and
shallowest portion of the AlAs buried layer. The figure i
cludes theECL(z) profiles of the Al(2p) and Ga(3d) core
levels, which suffer energy variations with depth parallel
those of the VBM and CBM levels. Since the Al(2p) and
Ga(3d) energy profiles are different for each type of hete
structure, the respective PES average values will vary, wh
may result in a change of the Al(2p)-to-Ga(3d) offset. This
situation is shown in Fig. 7~b!, where we have represente
the energy values expected to be obtained from PES m
surements, performed using 95-eV photons, on GaAs/Al
GaAs/Si/AlAs, and GaAs/Be/AlAs heterostructures with t
energy profiles displayed in Fig. 7~a!. TheEV

surf value repre-
sented in Fig. 7~b! corresponds to the position of the VBM a
the surface. The shifts ofEV

surf relative to EF reflect the
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changes of the Fermi-level surface pinning-position upon
and Be insertions as determined experimentally~Fig. 3!; the
EV

surf values have been introduced as inputs in the ba
profile calculations. The PES average values of the Al(2p)
and Ga(3d) core levels displayed in Fig. 7~b! have been
calculated according to Eq.~3!, by using the attenuation
lengths that correspond to the experimental conditions
Figs. 1 and 2~95-eV photons!. It can be seen that the PE
average energy of the Ga(3d) core levelEGa(3d) essentially
corresponds to its value at the surface, being scarcely se
tive to any energy variation existing along the GaAs ov
layer. Analogously, the PES average energy of the Al(2p)
core levelEAl(2p) corresponds to its value at the shallowe
part of the AlAs region, being scarcely sensitive to the e
ergy variations along the AlAs buried layer. Remarkab
EAl(2 p) is much more sensitive to changes of the overla
band bending thanEGa(3d); in fact, EAl(2 p) is shifted by the
same energy amount as the magnitude of the entire overl
band-bending change. The small differences between
EGa(3d) energies for the three heterostructures conside
here are mainly a consequence of variations in the Fer
level surface pinning position; note that the shifts ofEGa(3d)

follow the trend ofEV
surf. Figure 7 shows that the upwar

~downward! bending of all the overlayer energy level
induced by Si~Be! insertion, results in a larger~shorter!
value of the Al(2p)-to-Ga(3d) energy distance measured b
PES.

The above model enables us to explain the observed c
level offset variations~Figs. 1 and 2! solely on the basis of
intralayer-induced modifications of the overlayer band be
ing, with no need to include any change of the interface ba
offset. Moreover, this model not only reproduces the s
and magnitude of the changes observed in the energy s
ration measured between the Al(2p) and Ga(3d) peaks, but
also the individual behavior of each core level. This can
verified by looking at Fig. 1, where the spectra correspo
ing to samples with and without a Si intralayer are display
so as the respective Fermi energies coincide, as occur
Fig. 7~b!. It can be seen that, upon Si insertion, the Ga(3d)
peak does not move significantly, just slightly toward high
kinetic energies, while the Al(2p) peak is widely shifted
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toward lower kinetic energies. This is just the behavior p
dicted by our PES calculations@see Fig. 7~b!#; however, it
contrasts with certain arguments invoked1 to invalidate the
‘‘band-bending’’ interpretation.14,15 Franciosi and Van de
Walle stated1 that in AlAs-on-GaAs heterojunction
‘‘changes in band bending should affect only the appar
Al(2 p) binding energy and line shape, and not the Ga(3d)
position,’’ which is equivalent to say that variations of th
overlayer band bending should affect the core-level p
from the overlayer, and not the peak from the buried lay
Such a statement is contrary to the results of our P
average-energy calculations discussed above for the rev
GaAs-on-AlAs stacking sequence, and seems to be incor
In fact, the experimental behavior we have observed for
energy positions of the individual core levels, relative to t
Fermi level, strongly supports the band-bending interpre
tion.

It has been argued1 that ‘‘as far as the Fermi-level pos
tion is concerned, variations in band bending from sample
sample result in arigid shift of the core levels.’’ However, a
we have shown above, changes of the pinning position of
Fermi level at the surface, and of the magnitude of the b
bending across the overlayer, may both occur upon intrala
insertion, but produce different effects. The Fermi-level s
face pinning-position determines the magnitude of the b
bending across theentire semiconductor structure and,
bands remain flat within the PES probing depth, its variat
produces only a rigid shift of the whole set of EDC spec
relative toEF . However, a change of the magnitude of t
band bending across theoverlayermay alter the energy sepa
ration measured between core levels from both sides of
interface~see Fig. 7!. The variations of the Fermi-level sur
face pinning-position experimentally observed here~Fig. 3!
are not random, but follow the trend that can be expec
from the theoretical work of Sampaioet al.24 Their calcula-
tions on the properties of Sid-doped layers at different dis
tances from the surface, indicate that~i! the amount of im-
purity electrons trapped in surface states increases as td
layer gets closer to the surface, and that~ii ! the surface Ferm
level approaches the VBM when the electronic cha
trapped in surface states increases.24 Therefore, the elec-
tronic charge trapped in surface states can be expected
higher ~lower! in heterostructures containing ann-type
~p-type! intralayer close to the surface, than in heterostr
tures without such intralayer, and consequently the surf
Fermi level can be expected to approach~to move away
from! the VBM upon insertion of an-type ~p-type! intra-
layer. This is indeed what has been observed experimen
~Fig. 3!.

Franciosi and Van de Walle have argued1 that ‘‘for the
band-bending picture to work, all of the Si atoms deposi
at the interface should out-diffuse in the overlayer and ac
donors ~unity activation!.’’ They explained1 the band-
bending effect in AlAs-on-GaAs heterojunctions as follow
‘‘preferential Si out-diffusion toward the surface produces
highly degeneraten-type III-V overlayer with an anoma
lously short Debye length; this, together with Fermi-lev
pinning near midgap at the surface, would preferentially
calize band bending in the overlayer.’’ They cite1 that ‘‘the
Debye length required to sustain such a band bending wi
relatively thin overlayers would require a doping of the ord
-
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of (125)31020 cm23 within the III-V overlayer, which ex-
ceeds by several orders of magnitude the highest doping
els ever achieved in AlAs.’’ In that respect we would like
notice that the cause of the band bendingis not the segrega-
tion and/or outdiffussion of Si intralayer atoms. Within o
interpretation the overlayer band bending results from
trapping of carriers in surface states, which separates
carriers provided by the intralayer from their ionized pare
atoms.Bulk doping is not necessary for band bending
exist, just a separation of charges needs to take place. Th
fore, when discussing the band-bending interpretation, i
more appropriate to speak ofsheetrather thanbulk doping
concentration. Segregation of intralayer atoms, rather t
being the cause,is a consequenceof the overlayer band
bending. Segregation is thought to occur in part because
ionized intralayer atoms try to move during growth towa
the surface driven by the high electric field associated to
surface band bending.26

From the above model calculations we infer that ab
231013 atoms cm22 (731012 atoms cm22) must be ion-
ized in the intralayer to account for the Al(2p)-to-Ga(3d)
offset variations observed upon Si~Be! insertion on the basis
of a band-bending effect. Suchefficient dopingconcentration
has a direct relation to thefree-carrier concentration deter-
mined by Hall-effect measurements. Figure 8 summari
Hall-effect results reported for Si d layers in
GaAs~100!.27,28,20,21It can be seen that, for diverse grow
recipes, the carrier concentration increases with thed-layer
atomic concentration up to a nominal atomic concentrat
of about (123)31013 atoms cm22. For higher d-layer
atomic concentrations, the carrier concentration attained
pends critically on growth conditions. If thed layer is in-

FIG. 8. Hall-effect results reported for Sid layers in GaAs~100!.
The sheet carrier concentration is represented as a function o
nominal d-layer atomic concentration for different Si-insertio
methods:~i! continuous Si deposition at substrate temperatureT
5400 °C and GaAs overgrowth atT5400 °C ~dotted line! ~Ref.
27!, ~ii ! continuous Si-deposition atT5590 °C and GaAs over-
growth atT5590 °C ~dashed line! ~Ref. 28!, ~iii ! pulsed low-flux
Si deposition at T5590 °C and GaAs overgrowth at atT
5540 °C ~thick-solid line! ~Ref. 20!, and ~iv! pulsed low-flux Si
deposition atT5590 °C and GaAs overgrowth atT5590 °C~thin-
solid line! ~Ref. 21!.
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serted by using acontinuousdeposition method, the carrie
concentration decreases, more or less abruptly, after reac
a saturation value~Fig. 8!. However, in the present work,
pulsed low-fluximpurity-deposition recipe has been use
This method minimizes Si clustering, thus avoiding t
abrupt diminution of the carrier-concentration efficiency.20,21

Figure 8 shows that carrier concentrations in the 1013-cm22

range are readily achieved for Sid layer atomic concentra
tions in the ~high-1013/low-1014)-atoms cm22 range if a
‘‘pulsed low-flux’’ impurity deposition recipe is used. Thu
the efficient doping concentrations necessary to explain
experimental results on the basis of a band-bending ef
can be readily achieved, contrary to what has been argu1

We have shown above how the changes induced in
line energies of Al(2p) and Ga(3d) PES spectra from GaAs
AlAs~100! junctions by insertion of Si or Be can be succe
fully explained in terms of band-bending effects. The o
served changes would be essentially produced by
combination of two mechanisms:~i! the doping behavior of a
part of the inserted atoms, and~ii ! the trapping of the gener
ated carriers at surface states. The ‘‘overlayer capacit
model we have used to illustrate the band bending inter
tation differs substantially from the ‘‘interface capacitor
model previously invoked to explain intralayer-induc
band-offset changes. The band-bending interpretation
vides a straightforward explanation for the fact that Si a
Be intralayers induce changes of opposite sign: this can
easily understood accounting for the respectiven-type and
p-type doping behavior. However, such an experimental
servation cannot be so readily explained within the fram
work of the interface-capacitor model. In fact, such a mo
does not provide an easy interpretation for the changes
served upon Be insertion in terms of band-offset variatio
The reason is that Be has not an amphoteric behavior,
consequently, the establishment of interface dipoles in
case does not have such a straightforward explanation a
the case of Si.

The polarity nature of the interface plays a key role with
the interface-capacitor model, but it is not important for t
model here proposed as long as the properties of the gro
on different substrate orientations do not change the effic
doping concentration. Core-level offset changes have b
observed upon Si insertion in polar and nonpo
interfaces.15,17 Whereas this observation can be well und
stood within the band-bending interpretation, the interfa
capacitor model cannot explain it, because, according to
model, band-offset changes are not expected to occur
nonpolar orientations.10,16,17 Previously, we have observe
Si-induced core-level offset variations that are larger for
lar GaAs/AlAs~100! junctions than for nonpolar GaAs
AlAs~110! ones.17 This result can be well understood with
the band-bending interpretation, since the strength of
overlayer-capacitor effect depends on theefficient doping
concentration of the intralayer; this one is expected to
higher in~100!-oriented samples than in~110!-oriented ones,
for two reasons:~i! because self-compensation is known
be more important for growth on~110! substrates,29 and ~ii !
because the Si-insertion recipe used here was specifi
optimized for growth on~100! surfaces.20 The core-level off-
set variation that we have observed upon Si insertion
GaAs-on-AlAs~100! junctions is remarkably larger than th
ing
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changes previously reported by other groups.30 Such an ob-
servation can be also explained within the band-bending
terpretation: the larger effect is likely due to the higher do
ing efficiency of our pulsed low-flux Si-depositio
technique, in comparison with the growth recipes employ
by other groups~see Fig. 8!. It should also be noted tha
although the position of the intralayer with respect to t
surface is irrelevant within the interface-capacitor model
plays a key role within our overlayer-capacitor model. N
differences in the strength of the microscopic interface
pacitor are in principle expected between the samples use
PES experiments and in devices. However, charge separ
in the overlayer and the associated band bending occurs
if a certain amount of the carriers generated by the intrala
insertion becomes trapped in surface states, which requ
that the intralayer is located close enough to the surfa
Although such a condition is easily fulfilled in the sampl
typically analyzed in a photoemission experiment, it is not
clear the relevance of this effect for the type of heteroju
tions with deeply buried interfaces that are generally used
devices.

V. CONCLUSIONS

Insertion of Si and Be intralayers at GaAs-on-AlAs~100!
interfaces has been investigated by photoelectron spec
copy ~PES! using synchrotron radiation. The results obtain
are consistent with the doping behavior typically exhibit
by the inserted impurities, and can be well understood c
sidering theoverlayer capacitoreffect caused by~i! the ion-
ization of a part of the intralayer atoms, and~ii ! the trapping
of the generated carriers at surface states. The core-leve
set changes observed upon Si and Be insertions can be
explained without including any change of the interface ba
offset, simply by considering the changes of theband-
bending profilethat take place in connection with the vari
tions of the overlayer capacitance.
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