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Semimetal to semiconductor transition in ErP islands grown on InP„001…
due to quantum-size effects
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Thickness-dependent changes in the electronic states of semimetal ErP islands grown on the InP~001!
surface by organometallic vapor-phase epitaxy have been investigated by means of scanning tunneling
microscopy/spectroscopy. The normalized differential conductance spectra show a semimetal behavior for the
ErP islands~20–50 nm in size! with thickness larger than 3.4 nm, while the spectra taken for the islands
thinner than 3.4 nm reveal a semiconducting gap varying to;1 eV. The thickness dependence of the ob-
served gap is explained by the energy gap between the electron sublevel and the hole sublevel calculated using
a one-dimensional square-well potential model with infinite barriers. The results demonstrate a semimetal to
semiconductor transition due to the quantum size effect on the semimetal ErP band structure with a band
overlap of20.3 eV. @S0163-1829~99!01020-6#
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Quantum size effects~QSE! on the energy band structur
have been of great interest during the last three decade1–4

The progress in crystal-growth techniques has enabled u
fabricate nanometer-scale heterostructures of various ma
als. QSE of carriers and excitons in III-V semiconductor h
erostructures has been the most extensively studied from
viewpoint of fundamental physics and from the interest
application to optical and electronic devices.5,6 In zero-gap
semiconductors,a-Sn thin films grown on CdTe~111! with
thickness of 5–8 nm have shown opening of a band gap
the order of 0.4 eV due to QSE.7 The size quantization o
electron gas in a thin metal layer at a metal-semicondu
interface has been also observed by using scanning tunn
microscopy ~STM!. The quantized subband energies of
CoSi2 overlayer on Si~111! have been well explained by th
band-structure calculation.8 A semimetal to semiconducto
transition in carbon nanoparticles with size smaller than
nm has been recently observed by using electron-energy
spectroscopy.9 Theoretical calculations for carbon networ
have predicted that the electronic states are sensitiv
medium-range structural correlations due to delocalized
ture of p electrons.10

QSE in semimetal thin films such as Bi and Sb has b
predicted by Sandomirskii in 1967.2 A semimetal to exci-
tonic phase transition has been also an interesting sub
when electron and hole concentrations are the same, the
citonic phase, i.e., insulating phase appears because o
Coulomb interaction between the electron and hole.11 QSE
on the semimetal band structure leads to change the ca
density as well as the band gap. Sprindtet al. have observed
an energy gap in ultraviolet photoelectron spectra of a
overlayer on the GaAs~100! surface.12 However, the energy
dependence of QSE on spatial dimensions and the trans
behaviors have remained unclear because of fluctuation
thickness and size of the overlayer. A study by using ST
and scanning tunneling spectroscopy~STS! will enable us to
PRB 590163-1829/99/59~19!/12236~4!/$15.00
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resolve such problems, because electronic states on the
nometer scale can be investigated simultaneously lookin
the corresponding structure. Recently, semime
semiconductor heterostructures of ErAs/GaAs and ErP/
have been successfully grown by molecular-beam epitax13

and organometallic vapor-phase epitaxy~OMVPE!.14 In the
previous paper, we have shown the formation of nanome
sized ErP islands with thickness of 1–4 nm and lateral s
of 30–500 nm.15 QSE in rare-earth pnictide/III-V semicon
ductor heterostructures is an interesting subject, beca
electric and magnetic properties can be modified by Q
depending upon the size on the nanometer scale.

In this paper, we report an observation of thickne
dependent changes in electronic states of ErP islands on
InP~001! surface by scanning tunneling microscop
spectroscopy~STM/STS!. The normalized differential con
ductance (dI/dV)/(I /V) spectra show semimetal behavi
for the islands thicker than 3.4 nm, while the spectra tak
for the islands thinner than 3.4 nm reveal a semiconduc
gap that increases up to;1 eV. The thickness dependenc
of the observed gap is explained by the theoretical calc
tion of the one-dimensional QSE on the ErP band struct
with a band overlap of20.3 eV. These results indicates
transition from semimetal to semiconductor behavior due
QSE.

ErP islands were grown onn1-InP(001) ~Sn-doped! sub-
strates by OMVPE. ErP has a rock-salt crystal struct
(ao50.5595 nm), while InP has a zinc-blende crystal stru
ture (ao50.5869 nm). The differences in crystal structu
and lattice constant lead to the formation of strained E
islands. The ErP layer was grown at the substrate temp
tures of 530 °C and 580 °C, and the ErP coverage was c
trolled by changing Er-exposure duration. Details of t
growth procedure are described in Ref. 14. The nominal
coverage was determined by Rutherford backscattering m
12 236 ©1999 The American Physical Society
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PRB 59 12 237BRIEF REPORTS
surements and the coverage was 3 ML for 60 min of
exposure duration. X-ray crystal truncation rod measu
ments have shown that ErP islands with a rock-salt struc
were grown on the InP~001! substrate.16 Interface mixing of
compounds in the ErP/InP heterostructure hardly occ
since the diffusion constant of Er-atoms into the InP laye
as low as 1.2310218 cm2/s at the growth temperature o
580 °C.17 In the previous paper,15 we have reported the for
mation of ErP islands; we can grow flat islands with size
200–500 nm and height of 1–4 nm when the substrate t
perature is 580 °C and the coverage is 3 ML.

Surface morphologies were investigated by atomic fo
microscopy~AFM! under ambient conditions. The STM/ST
measurements in ultra-high vacuum (;231028 Pa) at
room temperature were carried out using a tungsten tip
positive sample voltage of 2.5–3.5 V with a constant tunn
ing current of 0.1–1.0 nA. The sample was annealed
300–350 °C for 30–50 min in the UHV chamber before t
STM measurement. I-V characteristics and topographical
ages were simultaneously measured at various points on
surface in a current-imaging tunneling spectroscopy~CITS!
mode,18 and the I-V curves were averaged over the selec
area of about 535 nm2. When we changed a tip-samp
distance, i.e., a value of the stabilization tunneling curre
no change in the zero-current gap was observed in the
curve. If there exists charging of the surface due to elect
propagation through the interface potential barrier betw
ErP and InP layers, the gap may depend on the tip-sam
distance.19 However, our results indicate that the measu
I-V curves are not affected by such charging effects. Th
the observed gap in the conductance spectra reflects
tronic states of the ErP islands.

Before measuring I-V characteristics by a CITS mode,
investigated surface morphologies of ErP islands grown
the InP substrate by means of AFM and STM. Figure 1~a!
shows a typical AFM image of ErP islands grown on t
InP~001! surface at 580 °C and 3 ML coverage. Large
lands with size of 200–500 nm are observed, and their he
measured from the substrate~dark region in the AFM image!
is 1–4 nm. On some ErP islands we see steps with heigh
0.6–1.0 nm. We show in Fig. 1~b! a STM image of an island
taken at a scan size of 176 nm3176 nm. On the island
surface we see misfit dislocations and voids running para
to the@11̄0# direction of the InP substrate. Flat regions wi
different thicknesses are bounded by dislocations and mo
layer steps, and their size is 8–50 nm. Generation of di
cations and voids partially releases the tensile strain du
the lattice mismatch of 4.67% between the ErP layer and
InP substrate.20 The dislocation generation parallel to th

@11̄0# direction supports the crystalline nature of ErP
lands. Figure 2~a! shows a cross-sectional profile of the t
pographical image along theA-B line in Fig. 1~b!. We see
two flat regions indicated by arrows of~a!-~b! and ~c!-~e!.
Corresponding heights measured from the void botto
which is the InP buffer layer, are 1.7560.15 nm ~6.2 ML!
and 2.3060.15 nm~8.2 ML!. The height difference of thes
flat regions corresponds to the 2 ML thickness of E
~0.5595 nm!. The size of the highest top region along t
A-B line is ;50 nm.
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The electronic structure of the ErP islands was inve
gated by STS in the CITS mode. From the measured
curves we calculate normalized differential conductan
(dI/dV)/(I /V) spectra. The measured (I /V) spectrum was
fitted to the exponential function and the differential condu
tance (dI/dV) was normalized by the fitted curve. We ca
eliminate a numerical divergence in (dI/dV)/(I /V) spectrum
that occurs in the band gap region since the tunnel curren
as small as the detection limit at the correspond
voltage.21,22 To extract gap energies from (dI/dV)/(I /V)
spectra we used Feenstra’s method;22 we determine a gap by

FIG. 1. ~a! AFM image (131 mm2) of ErP islands grown on
InP~001!. The grayscale is 3.2 nm.~b! STM image (176
3176 nm2) of a ErP island taken at the sample bias of12.5 V and
0.5 nA. The gray scale is 4.2 nm.

FIG. 2. ~a! A cross-sectional profile of the STM image along th
A-B line in Fig. 1~b!. ~b! Energy gap measured at different poin
along theA-B line in Fig. 1~b!. The dashed lines indicate the ave
age value of the measured gap.
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12 238 PRB 59BRIEF REPORTS
intersection of straight lines drawn through th
(dI/dV)/(I /V) spectra at the onset energies. In the exp
ments done by Feenstra, random errors were60.03 eV and
systematic errors due to tip-induced band bending were
than 0.1 eV.22 Figure 3 shows (dI/dV)/(I /V) spectra mea-
sured at different points on the two flat regions@Fig. 1~b!#
and the InP buffer layer. The spectrum taken at the
buffer layer yields a gap of 1.460.1 eV, which agrees with
the InP band gap at room temperature~1.35 eV!. The slightly
large gap obtained here is due to band-bending effects o
buffer layer.

The spectra~a!–~e! taken at the ErP island exhibit a ga
and the magnitude depends on the position. The gap ene
measured at the points~a! and~b! are 1.0 and 1.2 eV, respec
tively, and 0.5 eV for the points~c!, ~d!, and ~e!. The gap
energies measured at different points are summarized in
2~b!. The measured gaps are 0.2-0.5 eV for the flat reg
with height of 2.30 nm, and 0.9-1.2 eV for the region wi
height of 1.75 nm. Averaging the measured values over e
flat region, the average gaps are 0.460.15 eV for the thick-
ness of 2.30 nm and 1.060.15 eV for the thickness of 1.7
nm. Although the accuracy in determination of the gap
60.15 eV, we can obtain an average gap of an island wi
certain thickness from the (dI/dV)/(I /V) spectra measure
at various points of the island.

To investigate a variation of the average gap with thic
ness we measured (dI/dV)/(I /V) spectra choosing flat re
gions with different thicknesses. The thickness depende
of the gap is shown in Fig. 4. For the thickness larger th
3.4 nm no gap is observed in the (dI/dV)/(I /V) spectra.
With decreasing thickness the gap increases from 0 eV
;1.5 eV. The existence of the energy gap and its thickn
dependence suggest opening of a gap depending on
thickness.

We first discuss residual strain effects on the energy
because there exists a tensile strain due to the lattice
match of14.67%. The misfit strain is partially released b

FIG. 3. Normalized differential conductance (dI/dV)/(I /V)
spectra of the ErP island~a!–~e! taken at different points on the fla
region indicated in Fig. 1~b! and of the InP~001! buffer layer ~f!.
Conduction- and valence-band edges are indicated by arrows.
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generation of dislocations and voids, and the residual st
is about 2–4 % depending on the growth conditions.20 The
gap change due to the misfit strain can be estimated usi
pressure coefficient of the band gap and the elastic mod
Unfortunately, these parameters of ErP are not known,
thus we use the parameters for GaP, which has a similar b
structure except for the semiconducting band gap:
valence-band top atG point and the conduction-band botto
at X point of the Brillouin zone.23 The estimated value of the
gap increase is 0.06–0.11 eV for the tensile strain of 2–4
As the gap change for ErP is expected to be of the sa
order of magnitude, the strain effect on the observed ga
negligible.

The strong dependence of the gap on the thickness in
range 0.5–3.4 nm suggests QSE on electron and hole s
of the semimetal band structure. We calculate confinem
sublevel energies of electrons and holes using a square-
potential model taking into account electron and hole Fe
energies.2 As the lateral size of the flat region is of the ord
of 50 nm and is much larger than the thickness~1-4 nm!, we
can use a one-dimensional square-well potential with infin
barriers. The energy gap between the electron sublevel
the hole sublevel (n51) is given by

Eg5DS do
2

d2
21D ,

where D is the overlap between conduction and valen
bands in the bulk semimetal, anddo5p\/A2mD is the criti-
cal thickness at which the overlap vanishes.d is the island
thickness andm is the reduced mass. We use effecti
masses of the conduction and valence bands along theG-X
symmetry line in the Brillouin zone. The momentum dist
bution of electrons injected from the STM tip is sharply fo
ward peaked; the wave vector parallel to the surface is ne
zero. Considering an epitaxial growth of the rock-salt stru
ture on the InP~001! surface, the$100% surface of the ErP
overlayer is grown parallel to the InP~001! surface. There-
fore, the properties as measured on the$100% surface by STS
are dominated by the energy band along theG2X line. As
the band structure of ErP has the conduction-band minim

FIG. 4. Energy gap as a function of ErP island thickness. T
dashed and solid curves show the calculated dependence assu
a one-dimensional square-well potential with infinite barriers.
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at theX point and the valence-band maximum at theG point,
the size quantization takes place on the dispersion along
G2X line. The effective masses in this direction obtained
the band calculation are 1.71 mo and 0.14 mo for electrons
and holes, respectively.24 The effective masses of ErAs wit
the similar band structure obtained by the same calcula
agree well with the experimental values.25 Therefore, the cal-
culated masses can be used for the calculation of subl
energies. The experimental value of the band overlap is
known, but the band calculation provides a band-over
value of21.24 eV , for ErP. The calculated overlap of ErA
is 21.41 eV which is larger than the value~about
21 eV) estimated using ultraviolet photoelectron spect
scopic data.26 As the reliable value of the overlap is no
known, we take the band overlapD as an adjustable param
eter in the calculation of QSE.

We show in Fig. 4 the calculated gap as a function
thickness taking the values of 1.24 eV and 0.3 eV asD. If we
use the theoretically calculated overlap~1.24 eV! the critical
thickness ~1.5 nm! is much smaller than the experime
(;3 nm) and the dependence cannot be reproduced
shown by the dashed curve. However, if we take the ove
of 0.3 eV, the theoretical calculation shows an excell
agreement with the observed critical thickness and the
pendence in the range 1.7–2.8 nm. The discrepancy see
d,1.2 nm comes from the finite barrier potential of ErP/In
interface and the change in the effective masses. Altho
the barrier potential is infinite on the vacuum side, the fin
s
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potential at the ErP/InP interface limits the increase in
gap. As the wave vector goes further away from the ba
extrema, the effective mass becomes large. The strong
finement of electrons and holes in very thin islands canno
explained by the simple model with assumption of the co
stant effective mass. There is another possibility that the
lands ford,1.2 nm ~4 ML! have a different crystal struc
ture and the bands are strongly perturbed by
environment. The misfit dislocations and stacking faults
fect electronic states of the ErP layer. As a result, the e
tronic states of these islands may be strongly modified.

In summary, we have observed the change in the ene
gap of the ErP islands~20–50 nm in size! with thickness.
The normalized differential conductance spectra indicat
transition from semimetal to semiconductor behavior for
islands with a thickness of;3 nm. The observed thicknes
dependence agrees well with the calculation of QSE us
the one-dimensional square-well potential model. These
sults clearly demonstrate a semimetal to semiconductor t
sition and a possibility to tailor band gap and carrier conc
trations in a semimetal/semiconductor heterostructure by
quantum size effect.
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