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Several researchers have proposed that band discontinuities at semiconductor heterojunctions may
be “tuned” by inserting very thin layers of foreign atoms at the interface which are thought to
induce an “interface dipole.” Modifications of thapparentvalence-band offset, as measured by
photoelectron spectroscogiPES, have been indeed observed upon Si insertion at GaAs—AlAs
interfaces, and they have been generally interpretedadand-offset changes. However, there is

an alternative explanation of the photoemission results in terms of band-bending effects. Here, we
present results of PES experiments designed to test the two opposing interpretations. We have
examined the effect of Si insertion at po(a00 and nonpolaf110) interfaces, and we have studied

the insertion of Sin-type) and Be(p-type) intralayers. Similar results are obtained for polar and
nonpolar interfaces, and effects of opposite sign are observed for Si and Be intralayers. These results
can be readily interpreted in terms of a band-bending profile modification upon Si or Be insertion.
Additional PES experiments performed at different substrate temperatures have allowed us to test
the proposed band profiles. From the surface photovoltage effects induced at low temperature, we
obtain evidence for sample band bending which is consistent with the room-temperature band
profiles proposed. Hence, our results can be completely understood within a “band-bending
interpretation,” calling into question the interpretation in terms of a “band-offset tuning effect.”

© 2000 American Vacuum Socieff$s0734-211X00)08104-X]

[. INTRODUCTION thus trying to convert the isovalent interfadd—V/11I-V )
into a double heterovalent ortgl-V/IV +IV/III-V ), so that

Control of the magnitude of band offsets in semiconduc- h ¢ o h ff . ¢ lar i
tor junctions may introduce a new degree of freedom in thé* chance of modifying the band offset arises for polar inter-

design of heterojunction devices, and is thus a most desirabf@C€ orientations. .
goal. Offsets of isovalent interfaces of type IV/IV, or lll-\v/ W0 mechanisms have been proposed for the intralayer to

1=V and Il=VI/lI—VI with a common anion or cation, have induce a band-offset change. One is the establishment of
been found to be independent of orientation and interfac€harged interfaces of opposite polarity, the so called “micro-
quality1~° At heterovalent junctions, such as llI-V/IV junc- scopic interface capacitor.” Polar interfaces between het-
tions, band offsets seem to be determined by bulk propertie@ovalent semiconductors, if ideally abrupt, should be
for nonpolar interfaces, but they depend on interface microcharged. This situation is thermodynamically unstable but, if
scopic details for polar orientatiofissaAs—AlAs interfaces, the intralayer is thin enough, the increase in the free energy
which have ubiquitous optoelectronic applications, belong t®f the system is small and the two heterovalent IlI-V/IV
the group of common anion isovalent compound interfacesinterfaces may remain charg@nd may act as the parallel
therefore, the possibilities for changing the band offset inplates of a microscopic capacitdfig. 1(a)].° The positively
these interfaces are, in principle, limited. Nevertheless, it haghegatively charged interface corresponds to the side where
been proposéd to modify the band discontinuity of these the material is aniorication terminated. The establishment
interfaces by inserting a group-1t¢.g., Si or Ggintralayer,  of this microscopic capacitor produces a potential drop at the
interface, thus changing the band offsat:,,, which in-
3Electronic mail: mmoreno@icmm.csic.es creases or decreases depending on the stacking sedsence
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Fic. 1. Schematic representation of the charge transfer expected #00)-
polar, and(b) (110-nonpolar IlI-V/IV/III-V interfaces according to the
Harrison microscopic interface-capacitor pictyRef. 10.
Figs. 4@ and 2b)]. A second mechanism may lead to the growth direction greawih tirection

f_ormatlon of “neutral nonequivalent interfaces> Redyc_ Fic. 2. Schematic band diagrams for GaAs-on-AlAsft) and AlAs-on-
tion of the free energy of the system and neutrality al€GaAs (right) heterojunctions(a) without an intralayer, and with a Si intra-
achieved through formation of point defects and atomidayer according to the two competing interpretations invokinga band-
mixing.1%*2 Multiple interface configurations result from offset charge ofc) a band-bending change.
atomic mixing, thus producing different band-discontinuity
valuest®'* Within the microscopic-interface-capacitor
picturel? the polar character of the interface plays a key role
in the modification of the band offset. A polar geometry
induces a charge transferossingthe interface/Fig. 1(a)].
On the contrary, at nonpolar junctions the charge transfeg
takes placealong but not acrossthe interface[Fig. 1(b)];
thus, the layer-averaged interface is not charged. Hence,
cording to the microscopic-interface-capacitor model, ban
offset changes are expected to occur upon intralayer insertion Ag¥=AEq —¢, (1)
for polar interfaces but not for nonpolar ones.

Photoelectron spectroscofES is widely used to deter- Where
mine valence-band offsets at semiconductor hetero- £=(EB —EB)— (EA —ER)
interfaces->~1” Determining the band discontinuity at the in- Loy cLo vk
terface between two semiconductofsandB, by core-level E —E, being the binding energy of the core level relative
photoemission spectroscopy involves the measurement of the the valence band maximuifYBM). The valence-band-

separation AEc, =ES —EZ, , between two core-level ki-
netic energiegrelative to the Fermi level Eg, and Eg, ,
orresponding to each side of the interfate:’ The valence-
and offsetAEY; is easily determined by subtracting a quan-
aggy, ¢, that accounts for the difference between the respec-
glive core-level binding energies:

JVST B - Microelectronics and Nanometer Structures
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offset value AEY, , determined in such a manner is called thecurrent of majority carriers flows to the surfa¢estoring
“apparent” offset; it only corresponds to thieal offsetAE,,  curreny. In equilibrium, the restoring current is equivalent
if certain conditions are met. and opposite to the photocurrent, so that both currents cancel
Determining interface band offsets requires one to proveeach other. The supply of the restoring current is limited by
interface energy values. However, photoemission spectrosthe depletion region resistance, which has a pronounced de-
copy provides weighted energy averages of emissions th@endence on sample temperature. At room temperature, the
originate all along the photoemission probing depth, not onlyestoring current is usually sufficient to quickly discharge
at the interface. In order to guarantee that the energy valuggost of the induced photovoltage. However, at low tempera-
measured by photoemission correspond to those at the inteftire the restoring currents are reduced and there is a net
face, flat-band conditions along the photoemission probindorward bias. The surface photovoltage tends to eliminate
depth must prevail. The existence of band bending in thi@ny initial band bending present at the surface depletion re-
region gives rise to a systematic error in the determination ogion. Hence, comparison of synchrotron-radiation PES ex-
AE, . Peak centroid positions can be used to define the kiPeriments performed at room and at low substrate tempera-
netic energy value€X, andEZ, included in Eq.(1). This  tures may provide insight into the sample band bending.
choice fixes the accuracy in determinidgs,, because it Here, we follow a three-pronged approach in order to test
does not discriminate the contribution from possible chemithe two opposing interpretations which have been proposed
cally shifted species, surface components, etc. Depending dR explain the effect of intralayer insertion, ie., .|ntralayer—
the complexity of the core-level peaks and of the wantednduced bgnd—offs'et _changes versus modlflcgtlons of the
accuracy, core-level peak deconvolution is or is not required?@nd-bending profilgFigs. 2b) and 2¢)]. According to the
Modifications of the apparent valence-band offset, as microscopic-interface-capacitor mod8iqualitatively differ-

measured by PES, have been observed upon Si insertion gt behaviors are expected for polar and nonpolar interfaces.
GaAs—AlAs interfaced®-22 and the microscopic-interface- On the other hand, according to the band-bending interpre-

capacitor model has sometimes been invoked to explain sudgtion, effects of opposite sign are expected for intralayers

changes® However, since photoemission is sensitive to aWith n-type andp-type doping behaviors. In order to check

variety of factors, it is important to establish whethereal whethgr the above pred|ct|ons_agree with expenm(_antal .Ob'
band-offset change has occurred. In fact, an alternative inteis_ervatlons, we have first examlned the effect of Si insertion
oretation of the PES results for the GaASH—AIAs system at polar(100) and nonpola110) interfaces, and second we

has been proposéd?® which assumes that the intralayer have studied the insertion of Sirtype) and Be (p-type)

modifies the band-bending profile without changing the ban(:intralayers. A third type of PES experiments, performed at

offset. By relying solely on PES, it is difficult to assess ow temperature, _has permitted us to analyze the sample
e . band profiles. While all three types of experimental results

whether the variations observed in the(Zd)-to-G&3d) en- T .

ergy separation upon Si insertion at GaAs—AlP30 ahre seen to SUpr)l(.)rt a_k;]and-t_)endmg mfcerp_retatll((_)n, sbom:ja of

. . e . them are in conflict with an interpretation invoking band-

junctions®2? are due to modification of the interface band P g

offset[Fig. 2(b)], or to variation of the band-bending profile offset changes.
near the surfac¢Fig. 2(c)]. Such band-bending effects are
not easily measurable, or even detectable, by photoemission
spectroscop>?* Nevertheless, one approach to investigat-!l- EXPERIMENT
ing possible band-bending effects is to introduce intralayers Using molecular-beam epitaxyMBE), we have fabri-
of different doping type, since-type andp-type impurities  cated GaAs/AlAs heterojunctions dil00)-[2° off toward
induce band bendings of opposite sign. (111 A] and (110 GaAs substrates. We used epiready
In order to accurately determine band discontinuities byheavily Si-doped 1f=1x 10" cm™3) substrates to prevent
photoemission spectroscopy, it is mandatory to perform theghe samples from being charged during the photoemission
experiment undeflat-band conditions, at least in the over- measurements. First, @.1-0.3-um-thick Si-doped GaAs
layer. Photovoltage effects have been shown to producguffer layer was grownr(=1x 10 cm2), followed by a
steady-state conditions in which the surface band bending i30-nm-thick undoped AlAs laydiFig. 3@)]. At this point, a
reduced or eliminated. Such surface photovolte®eV) ef-  |ayer of Si or Be, with a density of 2:210** atoms cm?,
fects can be induced by the light used to excite photoeleowas inserted in some of the samples. This two-dimensional
trons, e.g., by synchrotron light=*" In this process, soft (2D) concentration corresponds to approximately 1/3 of the
x-ray photons excite electrons to the conduction band, leavatomic sites in 100 monolayer, or to 1/4 of the atomic
ing holes in the valence band or core levels; secondary exciites in a(110) monolayer. Finally, all samples were termi-
tations and nonradiative decay processes effectively multiplyated by a 2-nm-thick, nominally undoped, GaAs overlayer
the number of charge carriers. Electrons and holes are accgFig. 3(@)]. The growth parameters employed are summa-
erated in opposite directionghotocurrent by the built-in  rized in Tables | and Il. The conditions for growth ¢h10)
field present in the semiconductor depletion region, so thasubstrates were carefully optimized by using atomic-force
minority carriers accumulate at the surface. This carrier sepamicroscopy to guarantee a smooth surface morphology. The
ration produces a photovoltage which opposes the initiaSi and Be intralayers were inserted usingised low-flux
built-in voltage. In order to maintain a charge balance, as-doping method®3°In the samples containing an intralayer
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samples were cooled down in this way corresponds to a ther-
uv light mocouple reading of 220 K. Equal LT conditions were re-
producibly obtained with this cooling arrangement, the ac-
tual temperature being probably lower than the nominal.
PES measurements were performed immediately after
o ) electrons sample growth using synchrotron radiation coming from the
0{@0 £ TGM2 and TGM6 beamlines of BESSY [(Berliner
VR (a) Elektronenspeicherring-Gesellschafir f@ynchrotronstrahl-
ung mbH. The low-temperature experiments were per-
formed using radiation from the TGM6 monochromator,
which was located in front of a wiggler/undulator, delivering
10*2— 10" photons/s in the photon energy range ugta-95
eV). Electron kinetic-energy distribution curveEDC9
were obtained for each sample. The(&h, Al(2p), As(3d)
and valence-band-edge emissions from each sample, as well
(b) as the Fermi-edge emission from a gold foil that was in elec-
trical contact with the back side of the semiconductor
Fic. 3. (@ Schematic representation of the sample struct(se.Model Samples’. were consecutively recorded at a fixed photon en-
charge configuration assumed in the calculations. ergy. This procedure was repeated for several photon ener-
gies. Electrons were collected and counted in normal-
emission geometry by an angle-resolving photoelectron
of Si or Be, the overlayer was grown at a reduced substratepectrometer. The overall energy resolution was 150-300
temperature to minimize segregation and outdiffusion of in-meV over the range of photon energies used.
tralayer atoms.
After growth, the samples were transferred under ultrdil. RESULTS AND DISCUSSION
high vacuum from the MBE chamber to the PES station at . . .
. A. Polar versus nonpolar interface orientations
the synchrotron source using a small transfer chamber. The
samples were placed together in the analysis chamber, under Figure 4 shows APp) and G&3d) EDC spectra recorded
electrical contact and grounded. We used a multiple samplfom GaAs-on-AlAs heterostructures with 95 eV photons.
holder which accommodated several samples. One of thResults from samples withoutlosed symbols and with
holder positions was designed to be in thermal contact with &open symbolsa Si intralayer are compared for tti200)
liquid-N, reservoir. The low-temperatur€.T) measure- [Fig. 4@)] and (110 [Fig. 4(b)] interface orientations. The
ments were carried out by placing the sample to be analyzeBermi-edge spectrum recorded on gold is also displayed.
in this cooling position. The temperature at which theUpon Si insertion, the G&d) peak from the GaAs overlayer

bulk

TasLE |. MBE-growth parameters of the samples studied in Sec. lll A.

GaAs/AIAS100) GaAs/Si/AIA4100  GaAs/AIAS110  GaAs/Si/AIAg110)

Substrat§ GaAs
orientation (100-2°—(11DA (100-2°—(11DA (110 (110
Si doping 1x 108 cm 3 1x10® cm2 1x10® cm2 1x10¥ cm™3
Buffer layer(GaAs
thickness 0.3um 0.3um 0.1um 0.1um
Tsubs 590°C 590°C 485°C 485°C
growth rate 0.44um/h 0.44um/h 0.16um/h 0.16 um/h
Si doping 1x 10 cm 3 1x10% cm 3 1x10%¥ cm 3 1x10%¥ cm 3
Buried layer(AlAs)
thickness 20.0 nm 20.0 nm 20.0 nm 20.0 nm
Teubs 610°C 610°C 505 °C 505°C
growth rate 0.36um/h 0.36um/h 0.18um/h 0.18um/h
Si doping
Intralayer (Si) (Si)
2D density e 2.2x10" cm™2 e 2.2x10" cm™2
Teubs e 590°C e 505 °C
flux (pulsed 2x10% em 257!t 2x10% em 257!
Overlayer(GaAs
thickness 2.0 nm 2.0 nm 2.0 nm 2.0 nm
Tsubs 590°C 540°C 505°C 385-485 °C
growth rate 0.44um/h 0.44pm/h 0.16 um/h 0.16 um/h
Si doping

JVST B - Microelectronics and  Nanometer Structures
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TasLE |l. MBE-growth parameters of the samples studied in Secs. IlI B and Il C.

GaAs/AlIAS100) GaAs/Si/AIAY100) GaAs/Be/AIAS100)
Substrat§GaAs
orientation (100)-2°— (11DA (100-2°— (11D)A (100-2°— (11DA
Si doping 1x 10 cm 3 1x10% cm3 1x10%¥ cm 3
Buffer layer(GaAs
thickness 0.3um 0.3um 0.3um
Teubs 590°C 590°C 590°C
growth rate 0.2um/h 0.2um/h 0.2um/h
Si doping 1x 108 cm 3 1x10®¥ cm 2 1x10%¥ cm 3
Buried layer(AlAs)
thickness 20.0 nm 20.0 nm 20.0 nm
Tsubs 610°C 610°C 610°C
growth rate 0.2um/h 0.2um/h 0.2um/h
Si doping
Intralayer (Si) (Be)
2D density 2.2x10% cm 2 2.2x10% cm 2
Teubs 590°C 500°C
flux (pulsed 2x10% ecm?st 2x10% cm 257t
Overlayer(GaAs
thickness 2.0 nm 2.0 nm 2.0 nm
Tsubs 610°C 540°C 450°C
growth rate 0.2um/h 0.2um/h 0.2um/h
Si doping

remains at nearly the same position, while th€2p)] peak  energy in AlAs(—72.86 e\). The contribution of chemically
from the AlAs buried layer shifts towards lower kinetic en- shifted species and surface/interface components is expected
ergies. Thus, the APp)-to-G&3d) energy distance increases to be small in our GaAs/AlAs heterostructures. For the het-
upon Si insertion. Remarkably, this effect is observed forerojunctions without an intralayer, the apparent valence-band
both polar{100 and nonpolarf110 interfaces. offsets are 0.50 eV and 0.48 eV for th&00 and (110

We have determined the apparent valence-band offsegrientations, respectively. The apparent valence-band offset
AEY, from the core-level offsetAE, , measured between obtained for(100 Si-containing heterostructures is 1.12 eV,
the Al(2p) and G&3d) peak centroids, the “centroid” being that is, for the(100) orientationAEY, increases by 0.62 eV
defined as the energy value that divides the peak into twapon Si insertion. FoK110) Si-containing heterostructures
parts of equal area. We have used in Hq.a value foré of  the apparent valence-band offset is 0.81 eV, that is, for the

54.00 eV, calculated considering the well known(&h (110 orientationAEY, increases by 0.33 eV upon Si inser-
binding energy in GaA$—18.86 eV} and Al(2p) binding

tion.
GaAs/AlAs heterojunctions hv=95 eV
Fermi
[‘, edge
* Al(2p) (Gold)

Fic. 4. Al(2p) and G&3d) core-level spectra recorded
on GaAs/AlAs(closed circlesand GaAs/Si/AlAgopen
circles heterojunctiongGaAs on top, with 95 eV pho-
tons. Results fofa) (100), and(b) (110)-oriented inter-
faces. Fermi-edge spectra recorded on gold are also

shown. The core-level spectra are normalized to the
peak area.

(110) interface

68 69 70

Kinetic Energy (eV)

89 90 91
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Si Intralayer Concentration (1014cm'2) presence qf the surface, both stacking sequences are indistin-
0o 1 o 3 4 5 6 7 guishable in the case of tH&10) orientation. Thus, thén-
1.2 1 L X 1 1 X L creaseor decreaseof the apparent band offset depending on
v v 8223::228?8; the stacking sequence observed ft0 nonpolar interfaces
~ is explained neither by the microscopic-interface-capacitor
1.0 4 D AlAs/CaAs(110) [55.0 '» model, nor by the chemical asymmetry of the junction, nor
v canammsiion ! g by the calculations of Moz and Rodguez-Hernadez. A
(Sorba, 1991) S model based on the establishment of “neutral nonequivalent
08 . 4 ’?'s’fr{fia’jgg‘go) -54.8 % interfaces,” like that recently proposed by Miwa and
' v ’ Q Ferraz}! could probably account for band-offset changes oc-
) p y g
5 curring at nonpolar interfaces. Actually, whatever the experi-
*U.l>o 5 v v 546 @ mental result was, one could likely find a suitable “disor-
< w dered interface atomic configuration” giving rise to a
v S theoretical offset in agreement with experimé&htArgu-
g 544 % ments invoking “neutral nonequivalent interfaces” as re-
04 1 &) sponsible of band-offset changes must prove, in order to be
A $ solid, that the selected interface atomic configuration corre-
(540 & sponds to the configuration of the real samples.
0.2 1 A g The results summarized in Fig. 5 can be readily under-
o < stood within a band-bending interpretatitht’??without re-
B 4 =40 quiring a band-offset change altogether, as follows. The
0.0 ———T 4 ' n-type doping character of the Si intralayer induces a sharp
00 02 04 06 08 10 1.2 upward band bending in the overlay&ig. 2(c)]. This bend-
Si Intralayer Concentration ( ML) ing is reflected in an incread@lecreasgof the Al(2p)-to-

Ga(3d) energy distance measured by PES for GaAs-on-AlAs
(AlAs-on-GaAs heterostructures, as further explained be-
ow, the polarity nature of the interface being irrelevant.

Fic. 5. Apparentvalence-band offset and corresponding2fs)-to-G&3d)
separation measured by photoemission spectroscopy on AlAs-Si—-G
heterostructures. Our resulislosed symbo)sand those reported by other
groups(open symbolsare shown as a function of the nominal Si-intralayer
concentration for different interface orientations and stacking sequences.

B. n-type versus p-type intralayers

Figure 6 shows APRp), Ga3d) and valence-band-edge

Figure 5 shows a comparison of our resuttlosed sym- spectra recorded with 95 eV photons on different GaAs-on-
bols) with results obtained by other groups for the AlAs— AlAs(100 heterostructures(i) without intralayer (closed
GaAs system(open symbols The apparent valence-band symbolg, (ii) with a Si intralayer[open symbols in Fig.
offset that we have obtained for Si-containit0) inter-  6(a)], and (iii) with a Be intralayefopen symbols in Fig.
faces(1.12 eVj is markedly higher than the value previously 6(b)]. The Al(2p)-to-Ga3d) energy separation is observed to
reported for the same nominal Si concentrafioré5 eV for  increaseupon Si insertion and tadecreaseupon Be inser-
1/3 monolayerML)],'® which we attribute to our improved tion. The apparent valence-band offseEY, increases by
method of Si deposition. Our results for GaAs-on-AlAk0) 0.59 eV upon Si insertion, and decreases by 0.19 eV upon Be
junctions, together with the data reporteidr the reverse insertion. The gold spectrum permits us to determine the
stacking sequence, AlAs-on-GaA40), indicate that the ap- location of the Fermi level deep in the bulk of the semicon-
parent valence-band offset in nonpolar interfaceseases ductor samples; for equilibrium room-temperature measure-
or decreaseslepending on the stacking sequence, similar tanents it also defines the location of the Fermi level at the
what was previously found for polar interfacés. sample surface. This is very useful information because it

Geometric arguments, such as those included in thean be used as an absolute reference for the measurements
microscopic-interface-capacitor model, do not explain whyperformed in the different samples. The surface Fermi level
the band offset should change at nonpolar interfaces. This observed to lie 0.95 eV above the VBM in GaAs/
chemical asymmetry existing between each side of the interAlAs(100) heterostructures without an intralayer, 0.78 eV in
face (AlAs versus GaAscould account for a Si-induced di- GaAs/Si/AIA§100, and 1.09 eV in GaAs/Be/AIA400
pole crossinga nonpolar interface. However, if this explana- (Fig. 6); the surface Fermi level thus approaches the VBM
tion were valid, the same increase or decrease of the barty 0.17 eV upon Si insertion, and shifts away by 0.14 eV
offset should occur at the nonpolar interface independentlyipon Be insertion. Hence, the experimental results reveal an
of the stacking sequence. Mom and Rodguez-Hernadez  opposite behavior of the core-level separation and of the sur-
predicted® a reductionof the valence-band offset at AlAs— face Fermi-level position for Si and Be insertions, which is
GaAs (110 interfaces upon Si insertion. According to their qualitatively consistent with an interpretation in terms of
calculations, the same reduction of the offset should occuband-bending effects and a doping role for the inserted im-
for GaAs-on-AlAs and AlAs-on-GaAs junctions because,purities. They are also quantitatively consistent, as we show
since this type of calculation does not take into account thdelow.

JVST B - Microelectronics and  Nanometer Structures
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Fic. 6. Al(2p), Ga3d) and valence-
band-edge EDC spectra recorded with
95 eV photons on GaAs-on-AlAs00)
heterojunctions  without (closed
circles and with (open circleg an in-
tralayer, as well as Fermi-edge spec-
trum recorded on gold. The effects of
(a) Si and(b) Be insertions are com-
pared. Data are presented in a relative
binding-energy scale, where the lead-
ing edges of the valence-band spectra
recorded in the different samples have
been aligned, and the energy zero has
been arbitrarily chosen at the position
of the Gd3d) centroid of the sample
without an intralayer. The core-level
spectra are normalized to the peak
area.

Our samples include three well-distinguished regidis:
the GaAsn-doped substratéegion ), (ii) the AlAs buried
layer (region Il), and(iii) the GaAs overlayefregion |) [see
Fig. 3(@]. Some samples contain a Si or a Béayer at the

tion) are confined at the interface position. Although this

assumption is not expected to exactly match the real situa-
tion, since some of the outdiffused atoms could also have a
doping role, it serves us to illustrate the physics of the pro-

front GaAs/AlAs interface, between layers | and Il. We havecess,

calculated the band profiles along the different regions by |n our samples, thé layer has been inserted at the front
solving Poisson’s equation fonodelcharge distributions ap-  GaAs/AlAs interface(l/ll interface), which is located only 2
propriate to each type of sample, and introducing as inpugm from the surface. According to the hydrogen model, the
parameters the positions of the Fermi level deep in the bull§.st_orpit radius of impurity electrongholeg in GaAs
of the_sample and at the surfgce. Deep in t_he bulk, the Fermimounts to 10 nni3 nm). Due to the close proximity of the
level lies close to the conduction-band minimW@BM) due g rface most of the impurity electrorisoles provided by
to thg h|ghn-typ'e. doping of the sub;trates. For the sur'facethe Si(Be) intralayer are probably trapped in surface stéfes.
Fermi-level _posmons we have considered those EXPENMEnrherefore, in our intralayer-containing heterostructures we
tally determined for each type of_sample. gave considered, besides a substrate volume chagge a

n heter_ostructures mthput an |_ntralayer_ we have assumegatic capacitor-like charge distributionlschematically de-
the following charge distribution(i) a laminar charge lo- icted in Fig. 3b)], where the electrongholes provided by

cated at the surface due to the charge trapped in surfa ﬁe intralaver are trapoed in surface states rated
states 9 and(ii) a volume charge located at the shallow- ay app Y EtlElSE'l
from their parent Si(Be) atoms; a positively(negatively

est part of the Si-doped GaAs substrate, which consists of . I
charged sheetrs, located at the interface position, repre-

homogeneous distribution of positively ionized Si atoms he ch f the ionized(S dash
(pep: See Fig. B). The corresponding band profile is dis- SENS the charge of the ionized(Be) atoms, and a sheetss
represents the surface charge.

played in Fig. Ta). For heterostructures without an intralayer _ i
band bending takes place mainly along the AlAs buried |Nne band bending across the overlayer region can be cal-
layer, and the potential varies very litle along the GaAsculated for a specific mtralayer charge densﬂy or, conversely,
overlayer, only 0.03 V. one can calculate the intralayer charge density that produces
Accounting for the doping role of Si and Be impurities in @ certain potential variation across the overlayer. We have
GaAs, we have assumed that in our intralayer-containin§a|CU|ated the number of ionized intralayer atoms required to
samples a certain fraction of the inserted(Bé) atoms be- induce a variation in the magnitude of the overlayer band
comes positivelynegatively ionized, with electrongholeg ~ bending that equals the changes observed in tf{2phto-
being released to the host semiconductor lattice. Such a fra&a3d) offset displayed in Fig. 6. According to our calcula-
tion of ionized intralayer atoms will be called the “effective tions, a concentration of 2.3910* atoms cm? (7.4x 10'
doping concentration.” Although the exact distribution of atomscm?) must be positively(negatively ionized to ac-
the intralayer atoms is unknown and some segregation arepbunt for the experimental results obtained for insertion of Si
outdiffusion are expected to occur, a certain fraction of the(Be) at (100) interfaces. Figures (B) and 7c) display the
inserted atoms likely remains localized at the interface posiband profiles calculated for heterostructures with the above
tion. For simplification, we have assumed that all the intra-intralayer charge densities. It can be seen thahthge Siéd
layer atoms acting as dopan(sffective doping concentra- layer induces sharppward overlayer band bending, while
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n-GaAs AlAs GaAs the surface, strongly enhancing the signals coming from
111 : I :IE'_ shallow regions over those originating in the deep layers.
: i The PES average energy of the (Gd) core level,Egaay),
100A essentially corresponds to the valuekef, 4 at the surface,
" i being not very sensitive to energy variations along the GaAs
eV : overlayer.Eg,a) mainly reflects the variations in the Fermi-

level surface pinning position. The PES average energy of
the Al(2p) core level,Ex,p), corresponds to the value of
Eai2p) at the shallowest part of the AlAs region, being not
very sensitive to energy variations along the AlAs buried
layer. E a2y is much more sensitive to changes of the over-
o layer band bending thag,a); in fact, Ey,p is shifted by

v the same energy amount as the magnitude of the potential
o drop in the overlayer. Figure 7 shows tapparentvalence-
band offsetsAEY;, that would be measured by photoemis-
sion for samples with the band profiles displayed. The hori-
zontal lines at the right of Fig. 7 indicate the valence-band-
maximum positions obtained by subtracting fr&x,, and
Eca(a) the respective core-level binding energies. Note that
AEY;, does not correspond to the real interface valence-band
offset; AEY, is strongly affected by the overlayer band bend-
ing, an upwarddownward bending of the overlayer bands
resulting in a largefshortej value of AEY .

From the above model calculations we infer that about
2x 10" Si atoms cm? (7 10'2 Be atoms cm?) must be
ionized in the Si(Be) intralayer to account for the observed
Al (2p)-to-Ga3d) offset variations on the basis of a band-
bending effect. Suckffective dopingoncentration has a di-
rect relation to thdree-carrier concentration determined by
Hall-effect measurements. Hall-effect experiments indicated
Fic. 7. Band profiles in oufa) GaAs/AIAS100, (b) GaAs/Si/AlAg100,  that thepulsed low-fluximpurity-deposition recipe that we
and (c) GaAs/Be/AIAS100) heterostructures. They have been calculated have used permits one to obtain carrier concentrations in the
con_sidering the m_odel charge distribution shown in Figp).3An effective 1083 cm™2 range for Sid-layer atomic concentrations in the
doping concentration of 2.3910' cm™ 2 has been assumed for the case of high-10%low-10"% atoms cm2 range®3° Thus, the effec-

Si, and of 7.4 10" cm? for the case of Be. Thapparentvalence-band . . . . .
offsets,AEY, , that would be measured by photoemission for the band pro—nVe dOpIng Concentrat|0n§ necessary to ex.plaln the expert-
files displayed are also shown. The horizontal lines at the right indicate thénental results on the basis of a band-bending effect are ac-
valence-band-maximum positions obtained by subtracting fronEgfyg, tually achieved.

andEg,(a) PES average energies the respective core-level binding energies. |t is thus possible to successfully explain the observed
apparentvalence-band offset variatioi@Big. 6) solely on the

the p-type Bes layer causesownwardoverlayer band bend- basis of intralayer-induced modifications of the overlayer

. band bending, with no need to include any change ofd¢laé

ing. : . .
In order to understand how such intralayer-induced modiinterface band offset. In our interpretation the overlayer band

fications of the band profile alter the (&b)-to-Ga3d) en- bending results from trapping of the carriers provided by the

ergy separation measured in a photoemission experiment, !Htr_alayer n su_rface states, being thus S(_aparatgd from their
is important to realize that the PES signal is the result O]Jomzed parent intralayer atoms. Segregation of intralayer at-

adding up emissions from atoms located at different depthsc?mS anchulk doping are npt necessary fpr the build up of an
each contribution being weighted by an exponential l‘actoroverlayer band bending, just a separation of charges across
he overlayer(overlayer capacitor effectis needed. The

which accounts for the attenuation of the signal due to th = ) : .
electron scattering. The PES average energy of a core levBfnd-bending interpretation provides a straightforward ex-

planation for the fact that Si and Be intralayers induce

changes of opposite sign: this can be easily understood ac-

— JoEcu(2)exp(—2z/\)dz counting for the respective-type andp-type doping behav-
cL= - 2 jors.

Jo exp(=2/\)dz The overlayer-capacitor model that we have used to illus-
whereE¢, (2) is the energy of the core level as a function of trate the band-bending interpretation differs substantially
the depthz, and \ is the photoelectron attenuation length. from the interface-capacitor model previously invoked to ex-
Hence, PES probes a certain volume of the sample close f@ain the proposed intralayer-induced band-offset changes.

bulk

Ec, can be written as follows:
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[
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The polarity nature of the interface plays a key role withinare in principle expected between the samples used in PES
the interface-capacitor model, but it is not important for theexperiments and in devices. However, charge separation in
model here proposed, as long as the properties of the growthe overlayer and the associated band bending occurs only if
on different substrate orientations do not change the effectiva certain number of the carriers provided by the intralayer
doping concentration. We have observed Si-induced coreésecomes trapped in surface states, which requires that the
level offset variations that are larger for polar GaAs/intralayer is located close enough to the surface. Although
AlAs (100 junctions than for nonpolar GaAs/AIA&E10) ones  such a condition is easily fulfilled in samples typically ana-
(Fig. 4). This result can be well understood within the band-lyzed in a photoemission experiment, the relevance of the
bending interpretation, since the strength of the overlayereverlayer-capacitor effect is not clear for the type of hetero-
capacitor effect depends on tleéfective dopingconcentra-  junctions with deeply buried interfaces that are generally
tion of the intralayer; such a concentration is expected to beised in devices.
higher in(100-oriented samples than {110-oriented ones,
for two reasons(i) because self-compensation is known to
be more important for growth ofl10) substrate and (ii) Surface photovoltage effects can have a strong influence
because the Si-insertion recipe used here was specificaln the kinetic energies measured by photoemission for core
optimized for the(100) growth directiort® Figure 5 shows levels of semiconductor materig#$?>* Figures 8a)—8(c)
that the core-level offset variation that we have observedhow Al(2p), Ga3d), and valence-band-edge spectra re-
upon Si insertion at GaAs-on-AlA%00) junctions is remark- corded with 95 eV photons at room and at low temperature
ably larger than the changes previously reported by othefRT and LT) on GaAs-on-AlA$100 heterostructures with-
groups. Such an observation can be also explained within theut an intralayer, with a Si intralayer, and with a Be intra-
band-bending interpretation: the larger effect is likely due tolayer, respectively. Figure 8 also shows gold Fermi-edge
the higher doping efficiency of our pulsed low-flux Si- spectra. The LT signals from the GaAs/AA90 and
deposition technique in comparison with the growth recipesGaAs/Be/AIA$100) heterostructures appear significantly
employed by other groups. shifted relative to the RT emissions. In contrast, for the
Although the position of the intralayer with respect to the GaAs/Si/AIA4100) heterostructure the PES signals scarcely
surface is irrelevant within the interface-capacitor model, itshift upon cooling €0.1 eV). The Al(2p), Ga3d), and
plays a key role in our overlayer-capacitor model. No differ-valence-band-edge signaigidly shift by 0.43 and 0.47 eV
ences in the strength of the microscopic interface capacitaioward lower kinetic energies for the GaAs/Al@A90 and

C. Surface photovoltage effects
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—RT e LT AlAs (100 and GaAs/Be/AIAS100) heterostructures indicate
the existence ofipward band bending in the AlAs region
.————@—’"‘L [see the solid lines in Figs(&® and 9c¢)]. Thus, a photovolt-
E buk E, 1 age can be induced, producing band flattening in the AlAs

layer, and consequently a shift of the(2p) signal toward
L__.——""’JL— lower kinetic energies, as observed experimentéfig. 8).

—F ] E The Al(2p) signal originates close to the front AIAs/GaAs

interface. The kinetic energy expected for thé2) signal if

the bands were completely flat all along thr&aAs substrate

and the AlAs buried layer in any of our GaAs/AlAs/

(b) GaAg100 samples is marked in Fig. 8 by a vertical dotted

line, and corresponds to a valiig=15.24 eV** At LT the

Al(2p) centroids appear at kinetic energies of 15.28, 15.09,

and 15.29 eV for the GaAs/AlIA$00, GaAs/Si/AIAL100),
/ and GaAs/Be/AIA&100 samples, respectively. The position
of the Al(2p) peaks measured on the three types of hetero-

surface

100 A structures at LT is thus very close to the “flatband” energy.
Taking into account the fact that the band profiles proposed
11 v ©) for the AlAs layer and then-GaAs substrate of the GaAs/
_ AlAs(100 and GaAs/Be/AIAEL00) samples at RT favor the
-------------------------- = establishment of a photovoltage, it is reasonable to conclude
that the bands become completely flat from the front AlAs/
_____,zl____’_/": GaAs interface down to the deepGaAs bulk, as depicted in

Fig. 9 (dotted line$. Note that the band profile proposed for
the Si-containing structure is already flat at RT along this
- region.

n-GaAs AlAs  GaAs The G43d) signal and the leading edge of the valence-
Fic. 9. Band profiles proposed fola) GaAs/AIAS100, (b) GaAs/si  band spectrum mainly originate close to the GaAs surface. In
AlAs(100, and(c) GaAs/Be/AIA$100) heterostructures, when illuminated  a hypotheticalsituation where the bands were completely flat
with 95 eV photons at room temperatulid lineg and low temperature all along the GaAs/AIAsf—GaAs(lOO) heterostructures. the
(dotted lineg. The horizontal dash-dotted thin lines mark the energy positionG 3d) si | d th | band leadi d ' Id
of the Fermi leveldeep in the bullof the samples. a3d) Slgna_‘ ar_] the val .ence' and leading edge would ap-

pear at kinetic energies of 69.71 and 88.57 eV,

respectively®> assuming aconstantband-offset value upon

GaAs/Be/AIA100) heterostructures, respectively. Notice- Ntralayer insertion. Such flat-band energy positions are
ably, for the three types of samples, the(2)-to-Ga3d) marked in F|g. 8 as vertical dotted lines. The(&#h signals
energy separations measured at LT afentical to those gnd the Ieadlng gdges of the valence-band §pectra for the
measured at RT, and the (&b) peaks approximately con- |ntralayer-coqt§\|n|ng samples are seen to deviate from such
verge upon cooling on a common energy position. flat-band positions, at both RT and L(lFlg. 8). The shifts of

The shifts of the PES signals observed upon coalfig. ~ the Gd3d) and valence-band-edge signals cannot be ex-
8) can be explained by the occurrence of photoinduced norRlained as being due to light-induced flattening of the GaAs-
equilibrium processes at LT, which modify the RT band pro-OVerlayer bands, since the constancy of the2@fto-G&3d)
files. Since light penetrates even into th&aAs substrate, €nergy separation upon coolingig. 8 implies that the
SPV effects can in principle occur in the GaAs overlayer, theoverlayer band bending does not change. However, these
AlAs buried layer, and even in a portion of theGaAs sub-  shifts can be well understood as being a consequence of the
strate. The temperature-dependent results can be understdight-induced flattening of the AlAs bands, which addition-
by considering light-induced modifications of the proposeddlly causes the bands of the GaAs overlayer to be rigidly
RT band profilegFig. 7), so that at LT bands become com- “pulled down” toward higher binding energie@s depicted
pletely flat in the AlAs region, and the band bending in thein Fig. 9), so that the G@d) and valence-band-edge signals
GaAs overlayer persistsee the LT profiles displayed in Fig. are shifted toward lower kinetic energies. The persistence of
9 as dotted lings the overlayer band bending is probably due to the role played

According to the band profile proposed for the GaAs/Si/by the interface band discontinuities, which act as energy
AlAs(100) heterostructure at R[Bolid lines in Fig. 90)], the  barriers preventing the transport of the photogenerated carri-
bands are flat along the AlAs region. There is thus no reasoars through the interface. In the three heterostructures con-
for induction of a photovoltage in the AlAs layer, which sidered, the band discontinuities existing at the front AlAs—
explains why the ARp) signal scarcely moves upon cooling GaAs interface restrict the spatial separation of the electron-
in the case of the Si-containing heterostruct(Fe. 8). To  hole pairs photogenerated within the overlayer to the
the contrary, the RT band profiles proposed for the GaAsthickness of the overlayer itself, which is only 2 nm. The

m I I
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