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Core-level photoelectron spectroscopy from individual heteroepitaxial nanocrystals on GaA801)
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Core-level spectra of individual heteroepitaxial nanocrystals were measured with a spectroscopic photoemis-
sion and low-energy electron microscope that allows laterally resolved photoemission spectroscopy. The
nanocrystals were obtained by depositing nominally 2 monolayktis) of InAs on a Se-terminated
GaAgq001) surface. The Se-termination of GaAs results in the formation of a 2—3-ML-thick film g8&an
top of bulk GaAs. During heteroepitaxy the InAs reacts with theSas A phase separation takes place on the
anion sublattice, while an alloying takes place on the cation sublattice. During the initial stages of growth, a
submonolayer-thick wetting layer of J|6a ,As is formed that is covered by (J&a ,).Se.

(In,Ga _y),Sey-covered InAs nanocrystals are formed on this surface.
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[. INTRODUCTION Se treatment of the Gaf®01) surface results in a Ga-rich
2-3-ML-thick GaSe, film on top of bulk GaAs?® with a
Strained-layer epitaxial growth results in the spontaneoustructure that can be considered to be a variant of the zinc-
formation of islands through the Stranski-Krastanov growthblende structure with ordered Ga vacancfebnportant pa-
model? and because of their quasi-zero-dimensional naturgameters of the GaAs, InAs, and £5#®; crystals are summa-
the islands are often referred to as quantum dots. Theg&ed in Table I. Using the high lateral resolution of our
quantum dots have attracted considerable attention and ma¥icroscope in combination with the well-known chemical
have optical and memory applicatioh$.Since the islands Sensitivity of photoelectron spectroscopy, we were able to
are formed without lithography, cost-effective fabrication of Obtain spectra from individual nanocrystals and deduce their

devices with very small dimensions is envisioned. elemental composition.
However, while the quantum dot concept sounds very
promising, there are some serious problems that limit its pos- Il. EXPERIMENT

sibilities. Applications will clearly depend on the control of
the quality, composition, size, and uniformity of the dots. For ~ The nanocrystals were grown by molecular beam epitaxy
example, size fluctuations lead to a large inhomogeneou§ Tsukuba, Japan, on a Si-dopedype GaA$001) wafer
broadening of the photoluminescence spectra of ensembléth a carrier density of X 10'*cm™2. A GaAs buffer layer
of dots® To overcome this problem, nanoscale spectroscopi®as grown at 500 °C on the GaAs wafer. Then the sample
techniques have been developed that permit the study of tH&as exposed at 400 °C for 5 min to a Se-beam flux, resulting
properties of individual quantum dots. in a Se-terminated GaAs surface withk2 reconstruction.
Another key parameter is the elemental composition ofEpitaxial growth of nominally 2-0.2 monolayergML) of
the dots. Segregation and interdiffusion have been observdtiAs was then performed at 200 °C. After deposition of the
in the technologically important cases of Ge(Bittice mis-  InAs, a 2X1 surface reconstruction was observed in reflec-
match 4% and InAs/GaAs(lattice mismatch 7%’~° Since  tion high energy electron diffractioRHEED). Further de-
these effects are potentially detrimental to device perfortails on sample preparation are provided in Refs. 10, 17, and
mance, the elemental composition of the quantum dots has t&S.
be determined. The sample was protected by an amorphous As-cap layer
When InAs is deposited on a Ga@91) surface, the depositedn situ for the transfer in air to ELETTRA, where
growth starts in a two-dimensional layer-by-layer mode.thermal desorption of the cap layer was performed at 380 °C.
Once a critical amountabout 1.7 monolayets of InAs is  After this treatment, the sample showed & 2 low-energy
deposited, InAs islands nucleate at the surface. On the othetectron diffraction(LEED) pattern. We verified that the
hand, one of ug¢Y.W.) has shown that the growth of InAs on capping/decapping procedure did not alter the electronic
Se-terminated GaAs leads to the formation of nanocrystalproperties of such samplé&For this purpose we performed
essentially without the formation of a wetting lay8tdow-  integral high-resolution photoelectron spectroscopy. Virtu-
ever, the role of the surface termination of GaAs on theally identical spectra were obtained from a sample before
nucleation process of InAs quantum dots is still an operand after a full capping and decapping cycle. No oxidized
issue and under investigatiof.** components could be detected in the core-level peaks of As
In this paper we investigate the elemental composition o8d, Ga 3, and In 4. Furthermore, the intensity ratio of the
nanocrystals obtained by heteroepitaxy of InAs on the SeGa 3d peak to the In 4 peak was not changed by capping/
terminated GaAs surface using a spectroscopic photoemislecapping. These results indicated that the surface stoichi-
sion and low-energy electron microsco{8PELEEM at the  ometry of a freshly prepared sample and of a sample after
synchrotron radiation source ELETTRA in Trieste, Italy. The capping and decapping is basically identical.
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TABLE I. Material parameters of the compounds discussed in the text. The data for GaAs, InAs, and
Ga&Se are from Ref. 39. The melting point value from,8g; is from Ref. 16. The lattice constant value for
In,Se; is our estimate based on the ratio of values for InAs and GaAs and the value f8e,Ga

Material GaAs InAs GsSe; In,Se;
Lattice constantA) at room temperature 5.653 6.058 5.429 5.82
Melting point (K) 1510 1215 1020 1163

All measurements presented in this paper were performetknt. Nanocrystal spectra were taken from individual objects:
with the SPELEEM at ELETTRA. The instrument is basedthe nanocrystal circumference was determined, the outermost
on a standard low-energy electron microscddeEM) butis  pixels of the nanocrystal were discardddpixel corresponds
equipped with an imaging energy analyzer and takes advarie a sample area of 4 ng¥ nm), and all remaining pixels
tage of the high brilliance of the third-generation storage ringnside the circumference contributed to the spectrum. Since,
to perform spectroscopic microscopy with a maximum en-within statistical fluctuations, all nanocrystal core-level spec-
ergy resolution of better than 0.5 eV and a lateral resolutiorira appeared to be identical, the nanocrystal spectra presented
of 25 nm. To increase the signal, for the experiments dein this paper are all averages over a large number of indi-
scribed here the SPELEEM was operated with an energyidual nanocrystals.
resolution of 1.0 eV. Details concerning the beam line and Spectra were fitted using Voigt functions and a quadratic
the microscope are given in Refs. 19-21. For our experibackground. The peak energy separatibg, between the
ments we used photon energies of 52 eV and 121 eV for thepin orbit components was kept constant at 0.45 eV for Ga
In 4d/Ga 3d and Se 8 core-level measurements, respec-3d,"?* 0.85 eV for In 41,°> and 0.86 eV for Se 8.1%%¢
tively, to obtain surface-sensitive informatigohotoelectron  Their branching ratio was kept constant at 1.5 for all peaks.
mean free path about 6 &which means that approximately
the topmost four monolayers contribute to the signal IIl. THEORY

After the measurements, an approximately 12-ML-thick
gold film was deposited on the sample, and the position of The interpretation of laterally resolved spectra has to take
the Au 4f,, photoemission peakbinding energy 84.0 eV account of the topography of the sample. The synchrotron
(Ref. 23] was used to calibrate the binding energy axis. Thdight illuminates the sample at an anglefrom grazing in-
absolute accuracy of the binding energy calibration was essidence. In our setupy=16°. Therefore, on a flat sample a
timated to be=200 meV. circular x-ray beam of diametetis illuminating an elliptical

Apart from x-ray photoemission electron microscopy area of diameteds=d/sin« in the direction of the propaga-
(XPEEM) we used the SPELEEM to perform spectroscopytion of the light projected onto the surface plane, and of
in different ways. Integral spectra from the field of view of diameterd in the perpendicular direction in the surface
the microscopsdi.e., the diameter of the image, hereuh, plane. This is illustrated in Fig. 1. However, if the surface of
which corresponds approximately to g3n? areg were ob-  an object on the sample, for example, a nanocrystal, is in-
tained by measuring the photocurrent of the SPELEEMclined towards the beam, the size of the illuminated area
phosphor screen as a function of photoelectron kinetichanges. The diameter of the beam in the direction of the
energy'® Laterally resolved spectra were obtained from apropagation of the light is thedy = d/sin(3;+a) with g; the
stack of XPEEM images by integration of a selected &Pea. inclination angle of the objedisee Fig. 1 Therefore, with
The selected areas described in this paper are the substrétereasing anglep; the illuminated area decreases as
and the nanocrystals, where the “substrate” refers to théA¢/As=d;/ds. Since the number of photons per second in
area of the sample not covered by nanocrystals. SubstratBe incoming beam of diametet is the same for flat and
spectra were taken from a 0.01-0.,24¥ area well sepa- inclined parts of the sample, the photon flux density on the
rated from the nanocrystals. It was verified that there was ninclined object's surface increases with; as ®;/®g
significant lateral inhomogeneity of the substrate, i.e., spectra (A;/Ag) “1=d/d;, resulting in a higher photoelectron
taken from different substrate regions were mutually consisyield from the inclined object. However, the photoelectron

dbn dgy

FIG. 1. Sketch of the geometry of the sample.
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FIG. 2. Relative photoelectron intensity enhancemit/|
(solid line) due to the inclination of the surface of objects on the
sample surface as a function of inclination anglefor an angle of
illumination «=16°. The figure shows also the relative photoelec-
tron intensityl ,,/I s (hatched ling from the backside of the inclined
objects as a function of inclination angfg, for «=16° and its FIG. 3. LEEM image from the sample. Nanocrystals are bright.
dependence on the parameltér. For details, see Fig. 1 and text. A characteristic group of nanocrystals is delineated by a boundary

drawn in black. The electron energy was 26.5 eV.
emission from the inclined object is not normal to the sample
surface(see Fig. 1, which is the direction of the detector. tenuated exponentialf?, so that 1,(8p)=1oexp~/1/
This has two implicationsta) To a first approximation, the \)cosg,, with | the length of the light path in the object and
angular distribution of the photoemitted electrond §3;) N the x-ray attenuation length. This gives a photoelectron
=10 cosB;.?" This formula reflects the increasing path lengthintensity ratio per unit area from inclined to flat region for
of the photoelectrons in the solid when they leave it under &mission along the sample normal of
shallow angle. Therefore the attenuation of the photoelec-
trons is stronger, and less atomic layers contribute to the lpn Py siN(Bp—a) _ . 5
signal. Furthermore, for large anglgs one has also to con- |_S - cst " sina e 2
sider the differences in probing depth, since the photoelec- o o )
trons are collected from the flat part of the sample in normail his function is drawn in Fig. 2 forr=16° and for different
emission(more bulk sensitive while from the inclined part values ofl/x. Clearly, forl> X\, emission from the backside
they are collected at a shallow angieore surface sensitiye ~ Of the inclined object can be neglected. However, Ifer\
(b) The surface of the object is inclined with respect to theand large angleg, the intensity ratio is close to 1, and for
detector. Projected on the detector plane, the illuminated arda- A4 and largeg;, the emission from the backside of the
on the object isl;,=d; cosg, i.e., smaller by a factor cgg  inclined object is twice as strong as the emission from the
(see Fig. 1 These two contributions actually tend to cancelsubstrate. For small angleg(<a) the light cannot reach
each other, so that we obtain for emission along the samplée backside of the object, and consequently no photoelec-
normal a photoelectron intensity ratio from inclined to flat trons are excited.
unit areas of the sample of

ltn  ®¢  siN(Bita) , . .
T3 sna ) Figure 3 shows an electron microscoflyEEM) image
S

Is sina
from the sample. It was taken at an electron energy of 26.5

For a=16°, this is shown in Fig. 2 as a function gf from  eV. The field of view is 2um. A characteristic group of
0° to 90°. The figure shows that a signal increase by a factonanocrystals is indicated by a marker. The nanocrystals are
of more than 3 can occur. The curve has its maximum valuelearly resolved as bright spots on a dark substrate.
for B;=90°— «, when the light beam is normal to the ob- We performed a statistical analysis of the nanocrystal
ject’s surface. density and their size distribution. The sampled area was

If the size of the inclined object is small, i.e., comparable20m?, and the nanocrystal density was found to be 25
to the x-ray attenuation length of the solid, then a significant4 xm~?=(25+4)x 10°cm 2. A histogram of the nano-
fraction of the photons can travel through the object anctrystal size distribution is shown in Fig. 4, and has a maxi-
excite photoelectrons at its backside. There the diameter afium for a nanocrystal diametéd) of about 50 nm. The
the light spot isd,,=d, cosB, with d,=d/sin(B,—«), as  nanocrystal size distribution is clearly skewed. The appear-
illustrated in Fig. 1. Here, the ang)®, gives the inclination ance of nanocrystals with a diameti®2(d) is mostly due
of the object’s backside with respect to the sample surfacao groups of two or more nanocrystals that are too close
The angular distribution of the photoemitted electrons is theéogether to be resolved individually. Nanocrystals with a di-
same as at the front of the objedt,¢cosp,), but since the ameter smaller than 21 nm could not be resolved. This value
light was propagating through the object, its intensity is at-agrees with the lateral resolution of the SPELEEM deter-

IV. RESULTS
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ever, these dark features are actually the shadows of the
Sampled area: 20 ym” , nanocrystals, which explains their elongated shape. The
Nanocrysal densify: 25 pum® group contour shows that the intensity from nanocrystals and
Average diameter: 53 nm N . s . .
substrate in Fig. ®) is equal within our experimental preci-
sion, i.e., no contrast between nanocrystals and substrate is
observed at the energy of the Gd 8ore level. On careful
inspection, the shadows of the nanocrystals are also visible
in Fig. 5(@). They are caused by the light illuminating the
sample at a glancing incidence angle of 16° from the upper
right corner of the image. The direction of the incoming
beam is indicated by the arrow in Fig(t. From the length
of the shadows, we estimate the average height of the nanoc-
rystals to be 223 nm.
In Fig. 6 we display spectra obtained from the sample
area shown in Fig. 5. Figurg® shows an integral spectrum
FIG. 4. Histogram of nanocrystal size distributiomarg with ~ Of the Ga 3l and In 4 core levels, measured at a photon
Gaussian fit(solid ling). The average nanocrystal diameter is 53 energy of 52 eV. A peak shape analysis of this spectrum was
+16 nm. performed as described in Sec. Il, and the result is also
shown in Fig. 6a). Figure &b) shows laterally resolved pho-
mined by a different method as described in Ref. 20. Theoelectron spectra from the nanocrystals and from the sub-
histogram curve was fitted with a Gaussian function that isstrate, measured at a photon energy of 52 eV. The spectra
also shown in Fig. 4. From this fit we deduce an averagevere obtained from a stack of XPEEM images, two ex-
nanocrystal diameter of 5316 nm. amples of which are shown in Fig. 5. The main features of
Figure 5 shows XPEEM images of the sample obtainedhe two spectra agree with the integral spectrum depicted in
with photoelectrons fronta) the In 4d and (b) the Ga 3 Fig. 6(a). The apparent shift between the spectra in Figs). 6
core level. They were measured with a photon energy of 52.@nd &b) is within the uncertainty of the binding energy cali-
eV. The field of view is 2um for both images. The contour bration. The two spectra in Fig(l§y show a clear difference
in the images highlights the same group of nanocrystals as ibetween nanocrystals and substrate in the photoelectron yield
Fig. 3. In Fig. 3a), the nanocrystals are clearly evident asfrom the In 4 core level. In fact, the In d core level emis-
bright spots on the substrate. Positive conti@st, bright sion intensity from the substrate is only (63)% of the
nanocrystals on dark substraie observed for binding ener- emission intensity from the nanocrystals. This explains the
gies ranging from 18.6 eV to 15.1 eV, i.e., for all energiesstrong contrast observed in Figah On the other hand, the
for which the emission from the Indicore level is stronger photoelectron yields from the Gad3ore level from nanoc-
than the emission from the GalXore level. Thus, the con- rystals and substrate are equal. This is in agreement with the
trast we observe is pure elemental contrast. In contrast to Figanishing contrast in Fig.(b). Figure &b) shows that the
5(a), Fig. 5b) shows dark features on the substrate. How-main contrast mechanism in the images in Fig. 5 is a higher

154
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Number of nanocrystals with diameter d
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Nanocrystal diameter d (nm)

FIG. 5. XPEEM images using) the In 4d core level(photoelectron binding enerdy,=17.4 e\j and(b) using the Ga @ core level
(E,=20.1 eVj. The photon energy wdsr=52 eV. The contour indicates the same group of nanocrystals as in Fig. 3. The direction of the
incoming light beam is indicated by the arrow (in).
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ergyhv=121 eV, photoelectron binding energ§y=54.7 e\j. The
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nanoctystas white boundary line indicates the same group of nanocrystals as in

-1 substrate

E 0.6 7 Figs. 3 and 5.
§ Figure 8(b) shows laterally resolved spectra from the nanoc-
Z 04 rystals, the substrate, and an area qint’ including nanoc-
£ rystals and substrat@gntegral spectrum The photoelectron
yield from the nanocrystals amounts to 72% of the photo-
02 4 electron yield from the substrate. This explains the contrast

observed in Fig. 7. Apart from the peak intensity, both spec-

' ! ! ' ' ' tra are mutually consistent. They are also very similar to the

24 22 20 18 16 14 . R

Binding Eneray (eV) integral spectra shown in Figs(e8 and 8b). Therefore we
conclude that the contrast in Fig. 7 is only due to a higher Se
FIG. 6. Ga 3l and In 4 core level photoelectron spectra. The concentration at the surface of the substrate as compared to

photon energy was 52 eVa) Integral measurement from a8 the surface of the nanocrystals.

area. Dots: data points, full line: fit. The result of the fit with the

background subtracted is also shown below the dajal aterally V. DISCUSSION

resolved data of nanocrystal®§ and substrate@).

The peak shape analysis of the integral spectra in Figs.

In content in the nanocrystals with respect to the substrate6(a) and 8a) allows a comparison with literature data that

Figure 7 shows an XPEEM image measured at a bindingvere obtained with high-resolution integral photoelectron
energy of 54.7 eV, i.e., at the Se 3d core level emission. Ispectroscopy. The Gad3and In 4d core levels were each
was obtained with a photon energy of 121 eV. Figure 7 lookditted with one spin-orbit split doublet. Taking into account
like the inversion of Fig. &) in that it shows dark nanocrys- the moderate-energy resolution the SPELEEM was operated
tals on the substrate. This contrast is observed for bindingvith, these spectra are in good agreement with literature
energies from 56.5 eV to 52.9 eV, i.e., for energies for whichdatal®'"?°A possible chemical shift between In or Ga bond-
the emission is predominantly from the Sé &ore level. The ing to As or Se could not be resolved, because it was only
marker in the image highlights the same group of nanocrysebserved in experiments with an energy resolution better
tals as in Figs. 3 and 5, so we are sure that all measuremerttsan 0.3 e\%!’In Fig. 8(a), the Se @ core level was fitted
discussed in this paper were obtained from the same sampleth two doublets separated by 1.0 eV. This is in agreement
area. with a communication that the Sed3core level peak of

For the Se 8 core level, we measured photoelectron Se-terminated GaAs is composed of two doublets corre-
spectra from the same sample area mentioned above, Fig. §onding to two different Se chemical states, and whose en-
at a photon energy of 121 eV. FiguréaBshows an integral ergy separation ranges from 0.97 eV to 1.008\Equally
photoelectron spectrum measureth situ with the  good agreement was obtained for the A% &re level(not
SPELEEM. The core level was fitted by two doublets thatshown herg®® In summary, the integral spectra that we mea-
are separated by 1.0 eV. Due to the moderate energy resolgured are consistent with high-resolution photoelectron spec-
tion the SPELEEM was operated with, the doublets are notroscopy data obtained from in situ grown samples. This al-
clearly resolved. The intensity ratio between the doublet atows us to draw two conclusions:
higher binding energy, labeled A in Fig(a8, and the doublet (1) The sample used for the SPELEEM investigations had
at lower binding energy, labeled B, I5/1g=2.26£0.07. the same electronic structure as samples analyzed directly
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@ surface—the spectra indicate that such a model is an over-
Se 3d simplification. We clearly observed on the one hand andn 4
204 hv=12leV \ signal from the substrate and on the other hand a &e 3
signal from the nanocrystals. Furthermore, the @asgjnals
from the nanocrystals and the substrate are equal within our
experimental resolution. Consequently, the sample does not
correspond to the simple picture, but interdiffusion and seg-
regation have taken place.

In order to apply the topographic correction to the later-
ally resolved spectr@as discussed in Sec. )Jlwe need to
know the shape and orientation of the nanocrystals. With
high-resolution LEEM we determined that the nanocrystals
have approximately a square base oriented along 116

' ' ' ' ' directions of the surfac®. From high-resolution scanning
62 60 58 56 54 52 50 48 ; . >
Binding Energy (eV) electro_n microscopy and cross-sectional transmission elec-
tron microscopy we know that they grow with a truncated
251 T pyramidal shapé?** and fromin situ RHEED we deduce
Se 3d i,-1 that the pyramid sides are composed{bf1} facets'® This
hv =121 eV i implies that the nanocrystal edges are along(ttie) direc-
20 —e—: nanoerystals i tions, which is consistent with the LEEM result. The angle
T e substrate i Y between(001) and {111} planes is 54.7°, which gives ac-
- - - integral i i cording to the Appendix an intensity correction factor of
3 1.75. In the experimental geometry, the pyramid base edges
were rotated 45° with respect to the beam: the projection of
the light propagation direction onto the surface was along a
(100 direction. Therefore, the illuminated area is enlarged
by a factor ofy2 and the correction factor is reduced to 1.24.
When corrected for geometrical effects, the intensity in
the In 4d emission from the substrate amounts to (77
& 0 s s o - 0 48 +4)% of the intensity of the emissior_1 from the nanqcrystals.
Binding Energy (cV) Therefore, InAs grows on Se-terminated G&¥G) in a
mode similar to the Stranski-Krastang8K) growth mode

FIG. 8. Se 3 core-level photoelectron spectra. Photon energy:and not in the Volmer-Weber modeln fact, the critical
121 eV.(a) Integral measurement from a @m” area. Dots: data thickness of the InAs wetting layer on the Se/GaAs substrate
points, full line: fit. The result of the fit with the background sub- has been determined to be somewhat less than 1'NBven
tracted is also shown below the dath) Laterally resolved data though the reconstruction of the Se-terminated GaAs surface
from nanocrystals @) and substrate@). An integral spectrum  remains unchanged upon InAs deposition, there is further
(obtained from a lam? sample area including nanocrystals and eyidence from high-resolution photoemission spectroscopy
substratgis also shown for comparison. that at least part of the substrate surface is covered by In

atoms that bond to Se atorts.
after growth in a conventional molecular beam epitaxy sys- The laterally resolved Sed3core-level spectra show a Se
tem. In particular, the capping and decapping protocol emsignal not only from the Se-terminated GaAs surface but also
ployed to protect the samples during transfer in air did nofrom the nanocrystals. Therefore, a substantial amount of Se
change the electronic structure of the sanpleurthermore, atoms are present at the nanocrystals’ surfaces. From the
the surface reconstruction and the sample morphology wergalence band and the work function value of this sample
not changed significantly by the capping and decapping prothere is further evidence for the presence of Se at the surface
cedure, as described in Sec. Il and demonstrated in Figs. & the nanocrystal¥ A similar observation is made at the
and 4. Ga 3 core level. We clearly observe a Gal ore-level

(2) Photoelectron spectroscopy with the SPELEEM is aemission from the nanocrystals, indicating a substantial
reliable way to obtain information on the electronic structureamount of Ga at the surface of the nanocrystals. Corrected
of a sample from a micrometer-sized area. Other examplefor the topography, the Gad3core-level intensity from the
where the SPELEEM has been successfully employed to obranocrystals is 92% of the intensity from the substrate sur-
tain spectra fromum-scale objects include Pb islands on face (including the wetting layer
Si20 |ateral inhomogeneities in Schottky barriétsa field- The A component in the Sed3core level shown in Fig.
effect transistol? and liquid Au-Si droplets? 8(a) was assigned to Se atoms that have no Ga vacancy as a

The spectra shown in Figs. 6 and 8 allow a deeper undemearest neighbor, while th® component corresponds to Se
standing of the XPEEM images shown in Figs. 5 and 7.atoms that have one Ga vacancy as a nearest neighbbe
While the images might suggest a simple picture of theB component species are located nearer to the surface than
sample—InAs nanocrystals on a Se-terminated GaAshe A component species. The intensity rakjo/l g for Se-
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terminated GaA®01) for normal emission and at photon rystals than from the wetting layer, ardfter correction for
energyhv=130 eV has been determined to be 1!BAfter ~ sample topographya higher Ga @ signal from the substrate
deposition of 2 ML of InAs, at a photon energy of 121 eV than from the nanocrystals. Furthermore, it agrees with our
we measured an intensity ralig/l g of 2.26, also for normal observation that some Se atoms are removed from the
emission. Since neither the mean free path nor the photoiorca,Se;-terminated surface upon InAs deposition, and with
ization cross section for the Sel®ore level at these photon the observed nanocrystal volume being larger than can be
energies changes strongly, we can conclude that after theccounted for if alloying processes were neglected.
deposition of 2 ML of InAs on Se-terminated GaAs, the

population of theB species relative to thA species is de-

creased compared to the pristine Se-terminated GaAs sur- VI. CONCLUSION

face.

The average nanocrystal diameter and heightcarés3 In summary, we observed the elemental composition of
nm andh=22 nm, respectively, and their mean density ighanocrystals and the surrounding substrate surface by later-

25um~2. Quantitative information regarding the volume of ally resolved core-level spectroscopy. During the deposition

the nanocrystals can be obtained from the measured dimefil INAS on Se-terminated GaAs, the InAs reacts with the
sions. The volume of the nanocrystals was obtained fron?%S&: A phase separation takes place on the anion sublat-
hA/2, with A= 7d%/4 being the area of the base of eacht'cez while qn_glloylng takes place on the cation sublatt!ce.
nanocrystaf* This gives an approximate nanocrystal volumePUring the initial stages of growth, a submonolayer-thick
per xm? of 6x 10° nne. The total volume of deposited InAs Wetting layer of InGa _,As is formed that is covered by

is 2 ML=0.6 nm, corresponding to>61C° nm® per um?.  (INyGa&-,)2Se&. (In,Ga,_y),Se-covered InAs nanocrystals
However, we know that the InAs grows in a mode similar to@'€ formed on this surface. The implication of our results is

the SK mode. Therefore, part of the InAs was consumed ifhat .significant mass transport has occurred from the Se-
terminated GaAs surface to the nanocrystals. Under such

the wetting layer and is not available for the nanocrystals. i , h h
Consequently, the nanocrystals have a greater volume th&fMPlicated circumstances the SPELEEM has proven to be a

expected from this simple calculation, and the implication isPOWerful instrument for spectromicroscopy on technologi-

that the additional material must have been provided by anc@lly relevant sub-100-nm structures.

other source, i.e., the G8e;.
Since the growth temperature of our sample was 200 °C,
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3d core level provides evidence that a reaction between INAgring the measurements. This work was performed with the
and GaSe; has taken place upon InAs deposition. The for-spe| EEM microscope of the Technical University of

mation of a quaternary compound containing In, Ga, Se, angh|aysthal. Th.S. acknowledges support from the European

As is not very likely because the anion spediés and S&  ynjon under Contract No. ERBFMBICT961749. We thank
are unlikely to alloy substantially since they are from differ- professor E. Bauer for his encouragement.

ent chemical group§Vv and VI, respectively. On the cation
sublattice(In and Ga, some alloying is more likely. There is
a clear energetic advantage for some Ga to go fropS&a APPENDIX: CALCULATION OF THE TOPOGRAPHIC
into the_InAs_, .an_d_ for In to go fror_n InAs to G8e;. The CORRECTION
reason is minimizing the strain with respect to the GaAs
substrate. G&Be; is under 4.1% tensile strain on GaAs. If In  To calculate the intensity correction factor for the nanoc-
goes into the G&#5e;, forming some 15Se;, the magnitude of ~ rystals according to Sec. Ill, we need to split the nanocrystals
the strain will be reduced. Similarly when Ga goes into theinto front side, top, and backside. The inclination angle is
InAs, the magnitude of the strain in the wetting layer with 8= 8,=54.7°, the average height of the nanocrystals 22
respect to the substrate is reduced. However, it is unlikelyym, and therefore the base length of the front side is
that the InAs nanocrystals have bulk inclusions of,&8  22nm/tan 54.7=16 nm. The same holds for the backside.
because of the 10% lattice mismatch between the two. Th&he average nanocrystal diameter is 53 nm; therefore their
picture that emerges is that the surface layers of the substraase length is 53 nmy2=37 nm, so that the flat top of the
and the nanocrystals are two-dimensional domains ohanocrystals has an extension of 37-n(2< 16 nm)=5 nm.
In,Ga _,As and (InGa _y),Se;, with little alloying occur-  According to Eq.(1), the intensity correction factor for the
ring on the anion sublattice. Such phase separation on theont side forB;=54.7° is 3.42. The x-ray attenuation length
anion sublattice most probably due in part to a miscibilityof InAs at a photon energy of 50 eV is approximately 20
gap has indeed been observed for Ig@t5_, and for nm?2® so in Eq. (2) we havel~2\, and therefore the
GaAs,Sh,_, epitaxial films*>~% intensity correction factor for the backside of the nano-
This model is consistent with the fact that we observe arcrystals is 0.31. The resulting correction factor for the
In 4d, a Ga 31, and a Se 8 signal from both the nanocrys- nanocrystals is the weighted average of these
tals and the wetting layer. It is also consistent with our ob-values. It is obtained fronj (16 nmx 3.42)+ (5 nmx1.0)
servation that there is a higher Im4&ignal from the nanoc- + (16 nmx 0.31)]/37 nm=1.75.
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