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Quantum Size Effects in Epitaxial ErAs on GaAs(001)
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The electronic structure of very thin epitaxial ErAs layers on GaAs(100) is studied with angle
resolved photoelectron spectroscopy. Clear evidence is found for confinement induced quantizatio
of states around the Fermi level. From the dispersive properties of the quantum well states effectiv
masses are obtained, representing electron motion parallel to the surface layers and orthogonal to
layers. We find, for the first time, that effective masses along equivalent bulk directionssXW d are
significantly different in the thin layers. Furthermore, the bottom of the highest occupied band shifts
towards the Fermi level when going from very thin to thick ErAs layers. [S0031-9007(96)01835-2]

PACS numbers: 73.20.Dx, 73.61.At
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The electronic properties of ultrathin layers are expec
to deviate from those of the corresponding bulk mater
as a result of the quasi-two-dimensional confinement.
the case of semiconductors this is well manifested via
tical and transport properties of quantum well structur
Although applications involving structures based on t
metal layers are just as interesting, experimental infor
tion on such layers is scarce. One reason for this imbala
is the difficulty in making sufficiently perfect and stab
metal layers. In recent years attention has been focu
on heteroepitaxy between ErAs and GaAs. Because o
relatively small lattice mismatch (1.58%) two-dimension
ErAs layers can be grown on GaAs(100) up to a layer th
ness of about 70 Å [1]. Furthermore, according to rec
reports, it is also possible to grow good quality GaAs
ErAs after the insertion of one monolayer Mn [2]. Th
compound system is thus a good candidate for dev
based on buried metal layers.

For any advanced applications detailed understandin
the electronic structure of the thin metal layer is cruc
The properties of such layers cannot in general be predi
from the properties of the bulk material. One example
this is the observation of a thickness dependent band
in a-Sn layers on CdTe(110) [3]. In the case of ultrath
ErAs layers a semimetal to semiconductor transition
predicted [4].

To investigate the quantum size effects we have stu
angle resolved photoelectron spectra from thin molecu
beam epitaxy-(MBE)-grown ErAs layers on GaAs(10
In this Letter we focus our attention on spectra prob
the phase space around theX point in the Brillouin
zone, where an electron pocket is predicted in the b
band structure [5]. We find that the states forming t
pocket do indeed exhibit clear quantization characteris
While quantum size effects in photoelectron spec
have been reported previously for free-electron-like m
layers on metals and semiconductors [6–8], the pre
observations are, to our knowledge, the first ones o
heteroepitaxial compound system.
0031-9007y96y77(24)y4946(4)$10.00
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The experiments were carried out at the Swed
National Synchrotron Radiation Centre MAX-lab, whe
a dedicated MBE system is attached to a photoelec
spectrometer at the TGM beam line. One of the M
effusion cells was filled with Er (99.95% purity). Th
substrates were1 3 1 cm2 GaAs wafers, In-glued to
Mo holders. Prior to ErAs evaporation a buffer Ga
layer was grown until a good quality2 3 4 reflection
high-energy electron diffraction (RHEED) pattern w
observed. The ErAs was grown with the substrate
450±C at a rate of,0.30 Åys. The growth rate wa
determined by means of RHEED oscillations, whi
become visible after deposition of an amount of Er
exceeding 3 ML (monolayers) [2], and decay very slow
with increasing layer thickness. The low decay rate
indicative of a very regular layer-by-layer growth, whic
is important for generating an overlayer with unifor
thickness. As a rule the growth was terminated at p
RHEED intensity. All surfaces showed very sharp, lo
background1 3 1 LEED patterns.

Photoelectrons were excited with synchrotron light
cident at 45± in p polarization. The spectra were record
using an angle resolving hemispherical analyzer with
gular acceptance of61±. The combined monochromato
analyzer energy resolution was about 0.15 eV. Set
spectra obtained from ErAs layers with different thic
nesses are shown in Fig. 1. The spectra were record
the plane of light incidence, at polar angles in the [01
azimuth. They all focus on a feature just below the Fe
level, appearing in a range of emission angles where
citations along theW -X-W line [see inset in Fig. 1(a)] in
the three-dimensional Brillouin zone are probed. The
gular dependence shows directly that the structures re
sent crystal-momentum conserving interband excitatio
The similarity in the angular dependence for the differ
overlayer thicknesses indicates that the underlying
mentum selectivity derives from periodicity in the surfa
plane. A simple calculation within an empty lattice mod
indicates that excitations of states near theX point in this
© 1996 The American Physical Society
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photon energy range involve [311]-type reciprocal latti
vectors. Thus, as the polar angle is varied in the pla
of incidence, we essentially probe the dispersions alon
WXW line parallel with the surface plane.

The data for the thinnest layer in Fig. 1 (20 Å) show
weakly dispersing peak, with a minimum at 0.25 eV belo
EF . (EF as indicated by the vertical dashed line in ea
spectrum was determined by photoemission from a Ta
in contact with the sample.) As this energy minimu
is reached around the 23± emission angle, the peak ha
its maximum amplitude. The same qualitative behav
is observed for the 10 Å layer (not shown), though t
minimum energy is somewhat shallower, around 0.15
below EF. With the thickness increased to 30 Å w
find a peak that disperses to a deeper minimum ene
0.35 eV belowEF . After adding another 10 Å we find a
qualitatively different set of spectra. With a 40 Å thic
overlayer two clear peaks are observed around the±

emission angle. The lower of the two peaks disper
to about the same minimum energy as that seen in
30 Å spectrum, while the upper one is located 0.20
closer toEF . The spectra from a 50 Å thick layer (no
shown) are qualitatively similar to those with 40 Å, b
the different components are not so well resolved. F
“thick” overlayers (up to 1000 Å), the spectrum consis
of one structureless, weakly dispersing peak. In Fig
this is exemplified by the data from a 135 Å thick laye
One noteworthy observation is that the width of the 30 a
40 Å spectra is more than 0.1 eV larger than that of
thick layers; i.e., the bottom of the occupied band is deep

The thickness dependence observed in Fig. 1 is cau
by electron confinement along the surface normal. A
suming a “normal” pinning situation in GaAs at the inte
face, the electrons atEF experience a potential step o
e
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around 0.7 eV in the direction towards the substrate,
an image potential barrier towards vacuum. The d
show that for overlayer thicknesses below 30 Å only o
quantum well state is supported by this potential. J
as expected, the energy of this state is gradually lowe
with increasing width of the potential well. At a thicknes
of about 40 Å a second occupied state is observed.

The properties of quantum well states depend on
shape of the potential well and effective mass parame
From the dispersions in Fig. 1 we can in principle direc
estimate the effective electron mass along theXW line
parallel to the surface plane. Unfortunately, detai
determination of the peak positions in Fig. 1 is somew
uncertain due to interfering “density-of-states” structur
These structures are quite pronounced in the present
due to the very rapid dispersions and the relatively w
angular acceptance in the analyzer. They are statio
in energy, and appear at turning points of the dispers
peaks [9]. In Fig. 1 we find clear examples of th
effect in the 30 and 40 Å spectra, where shoulderl
structures are observed at the turning point energy
the lower dispersing peak even for emission angles w
off the turning point angle. Another, equally disturbin
feature is the “residual” peak present just belowEF in
spectra recorded in the angular ranges 17±–19± and 25±–
27±. We associate this peak with an interband excitat
involving a low energy band that is actually locate
above EF. Because of lifetime broadening this sta
has a spectral weight extending belowEF , and gives
rise to the observed peak. An analogous situation
been discussed in connection with inverse photoemis
[10]. These effects appear to be least serious in
data set for the 30 Å layer. As indicated in Fig. 1(b
the angular range of the main peak is around63±, over
a were
ulk
FIG. 1. Photoelectron spectra from (a) 20, (b) 30, (c) 40, and (d) 135 Å thick ErAs layers on GaAs(001). All spectr
recorded in the plane of incidence at different polar angles of emissionsQhd. The inset in (a) shows the section through the b
Brillouin zone defined by the plane of detection. The arrow joining the initial and final statek points (Xi and Xf , respectively)
represents the acting reciprocal lattice vectorG113. The estimated peak positions are marked with thin dashed lines.
4947
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which the peak disperses0.35 eV. From these number
we obtain an average effective electron mass along
XW azimuth in the plane of the layermp

XWk  0.2m0

sm0  free electron massd. This result is in fairly good
agreement with the value of0.17m0 obtained from low-
density approximation (LDA) band structure calculatio
on ErAs [11] and also with that from measuremen
of Shubnikov–de Haas (SdH) oscillations in theXWU
plane [i.e., orthogonal to the (001) direction] in bu
ErxSc12xAs [12].

Our interpretation of the photoexcitation process in
cated above implies that we can probe the dispersion f
X towardsG by an angular scan in the direction perpe
dicular to theGXW plane while keeping the in-plane ang
at a fixed value of 23±. (To maintain a constant momen
tum component equal toGX it is in principle necessary to
change the photon energy as well. However, for the sm
angles off theGXW plane studied here these correctio
are negligible.) A set of spectra showing this angular
pendence for the 30 Å layer is shown in Fig. 2. Compa
with the spectra in Fig. 1(b) we see that the dispersio
significantly slower (the angular range is around 6±). As a
consequence of this, the density-of-states features are m
less pronounced. From the dispersion we obtain for the
fective mass in this direction a value of1.1m0. According
to the cyclotron mass experiments and band calculat

FIG. 2. Spectra from the 30 Å ErAs layer for different pol
angles orthogonal to the plane of incidence.
4948
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mentioned above the effective electron mass correspon
to motion in theGKX plane is about an order of magnitud
larger than theXWU plane. The high anisotropy observe
in the present work is thus in qualitative agreement w
the Fermi surface data.

The energy quantization perpendicular to the lay
should of course be reflected in photoemission via
nondispersive behavior along this direction. To test t
we have recorded spectra at different photon energies w
keeping a constant in-plane momentum component. A
of spectra obtained in this way for the 30 Å sample
displayed in Fig. 3. We observe that the peak posit
is very constant over an 8 eV photon energy range. W
an effective mass of0.5m0 in this direction (see below)
the k vector range probed in this way is0.2 Å21, i.e.,
about the same as that spanned by the angular variat
in Fig. 1. This result is thus fully consistent with th
expected behavior of a quantum well state.

Because of a lack of detailed knowledge about the sh
of the potential well, a full analysis of the quantum we
states cannot be done. From the observed dispersio
is possible, however, to extract some approximate resu
The simplest way to model the quantum well is in terms
a one-dimensional box with high barriers on each side a
a constant potential in between. Under this assump

FIG. 3. Spectra from the 30 Å ErAs layer excited with di
ferent photon energies, and detected at polar angles adjust
probe states with the same momentum component in the sur
plane.
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we can directly relate the electron energies at the min
in the dispersions seen in Fig. 1 (i.e., near theX point) to
the width of the potential box. By keeping the momentu
component in the surface plane fixed and changing the p
ton energy, we probe the band dispersion alongXW (see
inset Fig. 1). The observed energy shift between the
and 30 Å layers thus implies an effective massmp

XW' 
0.5m0, while the energy separation between the two lev
found for the 40 Å layer (0.20 eV) givesmp

XW'  0.4m0.
With an effective mass of this size, the expected shift
tween 30 and 40 Å widths is only 37 meV. This is co
sistent with our observation of nearly equal energies in
two cases. For the 10 Å layer the same reasoning does
hold. In this case the predicted shift is 0.56 eV, which
clearly above the observed shift of 0.8 eV. Alternatively
0.08 eV shift would imply thatmp

'  3.2m0. This devia-
tion is not totally unexpected, as the simple model appl
here must fail when the range of the barrier is not n
ligible in comparison with the layer thickness. We no
that the value formp

XW' is about half of that formp
XWk,

which is remarkable as the two directions are equivalen
the bulk.

In summary, we have shown that the electronic str
ture of thin epitaxial ErAs layers on GaAs is qua
tized due to the confinement imposed by the la
thickness. All layers investigated show (semi-) meta
properties, i.e., no signs are found for a predicted me
semiconductor transition. On the other hand, it is fou
that the energy band structure of the thin layers devia
from that in bulk ErAs in two respects: (a) the bottom
the filled band atX is deeper in the thin layers and (b) th
effective masses alongXW directions are not identical a
in the bulk. Thus, the electronic properties of the ve
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thin layers cannot be predicted simply on the basis of
bulk electronic structure.

This work is supported by grants from the Swedi
Natural Science Research Council and the Nanom
Structure Consortium.

[1] C. J. Palmstrøm and T. D. Sands, inContacts to Semicon-
ductors, edited by L. J. Brillson (Noyes Publications, Pa
Ridge, 1993), p. 67.

[2] M. Tanaka, M. Tsuda, T. Nishinaga, and C. J. Palmstrø
Appl. Phys. Lett.68, 84 (1996).

[3] Li-Wei Tu, G. K. Wong, and J. B. Ketterson, Appl. Phys
Lett. 55, 1327 (1989).

[4] S. J. Allen, Jr., N. Tabatabaie, C. J. Palmstrø
S. Mounier, G. W. Hull, T. Sands, F. DeRosa, H. L
Gilchrist, and K. C. Garrison, Surf. Sci.228, 13 (1990).

[5] S. J. Allen, Jr., F. DeRosa, C. J. Palmstrøm, a
A. Zrenner, Phys. Rev. B43, 9599 (1991).

[6] A. L. Wachs, A. P. Shapiro, T. C. Hsieh, and T.-C. Chian
Phys. Rev. B33, 1460 (1986).

[7] S. Å Lindgren and L. Walldén, Phys. Rev. Lett.59, 3003
(1987).

[8] A. Hamawi and L. Walldén, Solid State Commun.79, 101
(1991).

[9] H. S. Chauhan, L. Ilver, P. O. Nilsson, J. Kanski, an
K. Karlsson, Phys. Rev. B48, 4729 (1993).

[10] W. von der Linden, M. Donath, and V. Dose, Phys. Re
Lett. 71, 899 (1993).

[11] A. G. Pethukov, W. R. Lambrecht, and B. Segall, Phy
Rev. B 50, 7800 (1994).

[12] R. Bogaerts, L. Van Bockstal, F. Herlach, F. M. Peete
F. DeRosa, C. J. Palmstrøm, and S. J. Allen, Jr., Phys
(Amsterdam)177B, 425 (1992);184B, 2320 (1993).
4949


