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Semimetal to semiconductor transition in ErP islands grown on InR001)
due to quantum-size effects
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Thickness-dependent changes in the electronic states of semimetal ErP islands grown on(Q®® InP
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 sizewith thickness larger than 3.4 nm, while the spectra taken for the islands
thinner than 3.4 nm reveal a semiconducting gap varying-fo 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 of—0.3 eV.[S0163-182609)01020-9

Quantum size effectQSE on the energy band structure resolve such problems, because electronic states on the na-
have been of great interest during the last three decafes. nometer scale can be investigated simultaneously looking at
The progress in crystal-growth techniques has enabled us the corresponding  structure. Recently, semimetal/
fabricate nanometer-scale heterostructures of various mategemiconductor heterostructures of ErAs/GaAs and ErP/InP
als. QSE of carriers and excitons in Ill-V semiconductor het-have been successfully grown by molecular-beam epitaxy
erostructures has been the most eXtenSiVely studied from t%d organometa”ic Vapor-phase ep“a(@\/lVPE)]A In the
viewpoint of fundamental physics and from the interest forprevious paper, we have shown the formation of nanometer-
application to optical and electronic devicesin Zero-gap  sjzed ErP islands with thickness of 1-4 nm and lateral size
semiconductorse-Sn thin films grown on CdT@1l) with ¢ 30_500 nniS QSE in rare-earth pnictide/lll-V semicon-
thickness of 5-8 nm have shown opening of a _ban_d gap 0(ﬁuctor heterostructures is an interesting subject, because
the order of 9'4 eV.due to QSEThe size quantization of electric and magnetic properties can be modified by QSE
electron gas in a thin metal layer at a metal'sem'CondUCtoéepending upon the size on the nanometer scale
interface has been also observed by using scanning tunneling . X "

In this paper, we report an observation of thickness-

microscopy (STM). The quantized subband energies of a : . :
CoSi, overlayer on Sil11) have been well explained by the dependent changes in electror_uc states of ErP |s_Iands on the
INP(001) surface by scanning tunneling microscopy/

band-structure calculatichA semimetal to semiconductor / h lized diff ol
transition in carbon nanoparticles with size smaller than SPECroscOPYSTM/STS. The normalized differential con-

nm has been recently observed by using electron-energy-lo§¢ictance @1/dV)/(1/V) spectra show semimetal behavior
spectroscopy. Theoretical calculations for carbon networks for the islands thicker than 3.4 nm, while the spectra taken
have predicted that the electronic states are sensitive #§F the islands thinner than 3.4 nm reveal a semiconducting
medium-range structural correlations due to delocalized nagap that increases up tel eV. The thickness dependence
ture of 7+ electrons® of the observed gap is explained by the theoretical calcula-
QSE in semimetal thin films such as Bi and Sb has beetion of the one-dimensional QSE on the ErP band structure
predicted by Sandomirskii in 1967A semimetal to exci- Wwith a band overlap of-0.3 eV. These results indicates a
tonic phase transition has been also an interesting subjedtansition from semimetal to semiconductor behavior due to
when electron and hole concentrations are the same, the efSE.
citonic phase, i.e., insulating phase appears because of the ErP islands were grown om"-InP(001) (Sn-dopedl sub-
Coulomb interaction between the electron and HOIOSE  strates by OMVPE. ErP has a rock-salt crystal structure
on the semimetal band structure leads to change the carriéa,=0.5595 nm), while InP has a zinc-blende crystal struc-
density as well as the band gap. Sprietial. have observed ture (a,=0.5869 nm). The differences in crystal structure
an energy gap in ultraviolet photoelectron spectra of a Slkand lattice constant lead to the formation of strained ErP
overlayer on the GaA800) surface? However, the energy islands. The ErP layer was grown at the substrate tempera-
dependence of QSE on spatial dimensions and the transitidores of 530 °C and 580 °C, and the ErP coverage was con-
behaviors have remained unclear because of fluctuations tnolled by changing Er-exposure duration. Details of the
thickness and size of the overlayer. A study by using STMgrowth procedure are described in Ref. 14. The nominal ErP
and scanning tunneling spectroscd®S will enable us to  coverage was determined by Rutherford backscattering mea-
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surements and the coverage was 3 ML for 60 min of Er-
exposure duration. X-ray crystal truncation rod measure-
ments have shown that ErP islands with a rock-salt structure
were grown on the Inf@01) substraté® Interface mixing of
compounds in the ErP/InP heterostructure hardly occurs
since the diffusion constant of Er-atoms into the InP layer is
as low as 1.X10 '8 cné/s at the growth temperature of
580°C!" In the previous papéer, we have reported the for-
mation of ErP islands; we can grow flat islands with size of
200-500 nm and height of 1—4 nm when the substrate tem-
perature is 580 °C and the coverage is 3 ML.

Surface morphologies were investigated by atomic force
microscopy(AFM) under ambient conditions. The STM/STS
measurements in ultra-high vacuum-2x108 Pa) at
room temperature were carried out using a tungsten tip at a
positive sample voltage of 2.5—-3.5 V with a constant tunnel-
ing current of 0.1-1.0 nA. The sample was annealed at
300-350 °C for 30—50 min in the UHV chamber before the
STM measurement. |-V characteristics and topographical im-
ages were simultaneously measured at various points on the
surface in a current-imaging tunneling spectrosc@pitS)
mode®® and the I-V curves were averaged over the selected
area of about X5 nnf. When we changed a tip-sample
distance, i.e., a value of the stabilization tunneling current,
no change in the zero-current gap was observed in the |-V
curve. If there exists charging of the surface due to electron

propagation through the interface potential barrier between FIG. 1. () AFM image (IX1 um?) of ErP islands grown on
ErP and InP layers, the gap may depend on the tip-samplﬁp(ooj')_ .The grayscale is 3_’; nm(b) STM image (176
distance'® However, our results indicate that the measured, ;7 nn?) of a EP island taken at the sample biasc5 V and
I-V curves are not affected by such charging effects. Thusg 5 na. The gray scale is 4.2 nm. '

the observed gap in the conductance spectra reflects elec-

tronic states of the ErP islands. The electronic structure of the ErP islands was investi-

Before measuring |-V characteristics by a CITS mode, We€yated by STS in the CITS mode. From the measured I-V
investigated surface morphologies of ErP islands grown ofgyrves we calculate normalized differential conductance
the InP substrate by means of AFM and STM. Figu(e) 1 (d1/dV)/(1/V) spectra. The measured/Y) spectrum was
shows a typical AFM image of ErP islands grown on thefitted to the exponential function and the differential conduc-
InP(001) surface at 580°C and 3 ML coverage. Large is-tance (l1/dV) was normalized by the fitted curve. We can
lands with size of 200—500 nm are observed, and their heighdliminate a numerical divergence idI{dV)/(1/V) spectrum
measured from the substratiark region in the AFM image  that occurs in the band gap region since the tunnel current is
is 1-4 nm. On some ErP islands we see steps with height afs small as the detection limit at the corresponding
0.6—1.0 nm. We show in Fig.(}) a STM image of an island voltage?>?> To extract gap energies fromd{/dV)/(I/V)
taken at a scan size of 176 76 nm. On the island spectra we used Feenstra’s metRbdie determine a gap by
surface we see misfit dislocations and voids running parallel

to the[ 110] direction of the InP substrate. Flat regions with
different thicknesses are bounded by dislocations and mono-
layer steps, and their size is 8—50 nm. Generation of dislo-
cations and voids partially releases the tensile strain due to
the lattice mismatch of 4.67% between the ErP layer and the
InP substraté® The dislocation generation parallel to the

[110] direction supports the crystalline nature of ErP is-
lands. Figure @) shows a cross-sectional profile of the to-
pographical image along th&-B line in Fig. 1(b). We see
two flat regions indicated by arrows ¢#)-(b) and (c)-(e).
Corresponding heights measured from the void bottom,
which is the InP buffer layer, are 1.79.15 nm (6.2 ML)

and 2.3@0.15 nm(8.2 ML). The height difference of these  FiG. 2. (a) A cross-sectional profile of the STM image along the
flat regions corresponds to the 2 ML thickness of ErPA-B line in Fig. 1(b). (b) Energy gap measured at different points
(0.5595 nm. The size of the highest top region along the along theA-B line in Fig. 1b). The dashed lines indicate the aver-
A-B line is ~50 nm. age value of the measured gap.
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FIG. 4. Energy gap as a function of ErP island thickness. The
Sample Voltage (V) dashed and solid curves show the calculated dependence assuming

) ) ] a one-dimensional square-well potential with infinite barriers.
FIG. 3. Normalized differential conductancell(dV)/(1/V)

spectra of the ErP islan@)—(e) taken at different points on the flat
region indicated in Fig. (b) and of the InRO01) buffer layer (f).
Conduction- and valence-band edges are indicated by arrows.

generation of dislocations and voids, and the residual strain
is about 2—4 % depending on the growth conditi6h$he

gap change due to the misfit strain can be estimated using a
pressure coefficient of the band gap and the elastic moduli.
intersection of straight lines drawn through the Unfortunately, these parameters of ErP are not known, and
(dI/dV)/(1/V) spectra at the onset energies. In the experithus we use the parameters for GaP, which has a similar band
ments done by Feenstra, random errors wefe03 eV and Structure except for the semiconducting band gap: the
systematic errors due to tip-induced band bending were lesglence-band top dt point and the conduction-band bottom
than 0.1 e\?? Figure 3 shows d1/dV)/(1/V) spectra mea- atX point of the Brillouin zon€&? The estimated value of the
sured at different points on the two flat regioi&g. 1(b)] gap increase is 0.06—0.11 eV for the tensile strain of 2—4 %.
and the InP buffer layer. The spectrum taken at the InFAs the gap change for ErP is expected to be of the same
buffer layer yields a gap of 140.1 eV, which agrees with order of magnitude, the strain effect on the observed gap is
the InP band gap at room temperat(te85 e\j. The slightly  negligible.

large gap obtained here is due to band-bending effects of the The strong dependence of the gap on the thickness in the
buffer layer. range 0.5—-3.4 nm suggests QSE on electron and hole states

The spectrga)—(e) taken at the ErP island exhibit a gap, of the semimetal band structure. We calculate confinement
and the magnitude depends on the position. The gap energigsgblevel energies of electrons and holes using a square-well
measured at the poin¢a) and(b) are 1.0 and 1.2 eV, respec- potential model taking into account electron and hole Fermi
tively, and 0.5 eV for the pointéc), (d), and (e). The gap energie$. As the lateral size of the flat region is of the order
energies measured at different points are summarized in Fig@f 50 nm and is much larger than the thicknésst nm), we
2(b). The measured gaps are 0.2-0.5 eV for the flat regiogan use a one-dimensional square-well potential with infinite
with height of 2.30 nm, and 0.9-1.2 eV for the region with barriers. The energy gap between the electron sublevel and
height of 1.75 nm. Averaging the measured values over eacitie hole sublevelr(=1) is given by
flat region, the average gaps are D@15 eV for the thick- )
ness of 2.30 nm and 1#0.15 eV for the thickness of 1.75 0
nm. Although the accuracy in determination of the gap is EQZA(E_l)’
+0.15 eV, we can obtain an average gap of an island with a
certain thickness from thed(/dV)/(1/V) spectra measured where A is the overlap between conduction and valence
at various points of the island. bands in the bulk semimetal, adg= =#A/\2uA is the criti-

To investigate a variation of the average gap with thick-cal thickness at which the overlap vanishdss the island
ness we measuredl(/dV)/(1/V) spectra choosing flat re- thickness andw is the reduced mass. We use effective
gions with different thicknesses. The thickness dependenamasses of the conduction and valence bands along tKe
of the gap is shown in Fig. 4. For the thickness larger tharsymmetry line in the Brillouin zone. The momentum distri-
3.4 nm no gap is observed in thel(dV)/(I/V) spectra. bution of electrons injected from the STM tip is sharply for-
With decreasing thickness the gap increases from 0 eV tward peaked; the wave vector parallel to the surface is nearly
~1.5 eV. The existence of the energy gap and its thicknesgero. Considering an epitaxial growth of the rock-salt struc-
dependence suggest opening of a gap depending on there on the INFO0Y) surface, the{100 surface of the ErP
thickness. overlayer is grown parallel to the (801 surface. There-

We first discuss residual strain effects on the energy gafore, the properties as measured on{h@0 surface by STS
because there exists a tensile strain due to the lattice misse dominated by the energy band along kheX line. As
match of +4.67%. The misfit strain is partially released by the band structure of ErP has the conduction-band minimum
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at theX point and the valence-band maximum at theoint,  potential at the ErP/InP interface limits the increase in the
the size quantization takes place on the dispersion along thgap. As the wave vector goes further away from the band
' — X line. The effective masses in this direction obtained byextrema, the effective mass becomes large. The strong con-
the band calculation are 1.71 ,mand 0.14 ry for electrons finement of electrons and holes in very thin islands cannot be
and holes, respectivef{. The effective masses of ErAs with €xplained by the simple model with assumption of the con-
the similar band structure obtained by the same calculatioftant effective mass. There is another possibility that the is-
agree well with the experimental valu&sTherefore, the cal- 1ands ford<1.2 nm(4 ML) have a different crystal struc-
culated masses can be used for the calculation of sublev8{™® and the bands are strongly perturbed by the
energies. The experimental value of the band overlap is n nvironment. The misfit dislocations and stacking faults af-
known, but the band calculation provides a band-overla ect electronic states of the ErP layer. As a result, the elec-

value of —1.24 eV, for ErP. The calculated overlap of ErAs ronic states of these islands may be strongly ”.‘Odiﬁed-
' In summary, we have observed the change in the energy

's —141 eV which is larger than the valuéabout gap of the ErP island€20-50 nm in sizgwith thickness.

—1 eV) estimated using ultraviolet photoelectron spectro-The normalized differential conductance spectra indicate a
scopic dat&® As the reliable value of the overlap is not P

cnoun, we ake the band overiapas an adustable param- {27500 1 SeTmeLa, o Semiconducr beiever o e
eter in the calculation of QSE. )

We show in Fig. 4 the calculated gap as a function Ofdependence agrees well with the calculation of QSE using

thickness taking the values of 1.24 eV and 0.3 e\Aa#f we the one-dimensional square-well potential model. These re-

use the theoretically calculated overldp24 eV the critical 2:::?”(:;?2 d(?srg?brill? tt rat'i)e t:iﬁ)erngg?]ztalato :ﬁéng)rnglrjzfrzggr_]'
thickness (1.5 nn) is much smaller than the experiment P y gap

(~3 nm) and the dependence cannot be reproduced Jrations in a semimetal/semiconductor heterostructure by the

shown by the dashed curve. However, if we take the overla|5]uantum size effect.

of 0.3 eV, the theoretical calculation shows an excellent The author(L.B.) would like to acknowledge A. N. Tit-
agreement with the observed critical thickness and the dekov of the A. F. loffe Institute, Russia, for continuous en-
pendence in the range 1.7—2.8 nm. The discrepancy seen foouragement during this study. This paper was supported in
d<1.2 nm comes from the finite barrier potential of ErP/InP part by a Grant-in-Aid for Scientific Research on Priority
interface and the change in the effective masses. AlthougAreas from the Ministry of Education, Science, Sport and
the barrier potential is infinite on the vacuum side, the finiteCulture of Japan.
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