
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 3 15 JULY 2002
Growth and characterization of CaF 2 ÕGeÕCaF2 ÕSi„111… quantum dots for
resonant tunneling diodes operating at room temperature
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Resonant tunneling diodes were implemented on Ge quantum dots fabricated using Stranski–
Krastanov growth mode on CaF2 matrix, lattice matched to Si~111! substrates. The negative
differential conductance and conductance oscillations due to hole resonant tunneling through the
zero-dimensional states of Ge quantum dots are clearly observed at room temperature. From the
period of conductance oscillations, the energy separations between the states of the quantum dots
with different sizes are estimated to be 40–50 meV~i.e., .kT526 meV atT5300 K!. © 2002
American Institute of Physics.@DOI: 10.1063/1.1494465#
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Three-dimensional quantum confinement in a semic
ductor quantum dot~QD! leads to the formation of zero
dimensional~0D! states with discrete energies. The interpl
between resonant tunneling through 0D states and sin
electron charging effects underlies operation of single e
tron tunneling ~SET! devices. Development of silicon
compatible nanoelectronics has attracted consider
interest in recent years. For future application of SET diod
it is necessary to rise the operation temperature of the
vices up to 300 K. To satisfy this condition, the size of Q
has to be smaller than 10 nm. This requirement consider
restricts the possibility of using the lithographic proces
for fabrication ultrasmall QDs. In this way the sel
assembled quantum dots, which are formed without ad
tional lithography procedure and whose diameter can
achieved as small as 10 nm are more advantageous
hence more relevant for application in SET devices opera
at room temperature.

To date most work in the field of silicon-compatib
resonant tunneling diodes is concentrated on arrays o
nanocrystallites~nc-Si! embedded in a double-barrier stru
ture with ultrathin SiO2 barriers. In these previous sample
SiO2 /Si/SiO2 structures were produced either by simul
neous crystallization and oxidation of amorphous silicon1–3

or by decomposition of SiH4 in various combinations.4–7 Re-
cently, single-electron tunneling effects have also been
served in phosphosilicate glass films containing nc-Si8 and in
silicon nanopillars with silicon nitride tunneling barriers9

Arrays of Ge self-assembled QDs embedded in silicon r
resent another attractive type of SET devices.10,11 However,
until now, the resonant tunneling effects in Ge/Si QDs w
observed at onlyT,200 K.10–12 The reason is a relatively
narrow band gap of Si~;1 eV! with respect to insulators
~;10 eV!, which makes thermoelectronic emission over
barriers to be effective at high temperatures. In this work,

a!Electronic mail: yakimov@isp.nsc.ru
4990003-6951/2002/81(3)/499/3/$19.00
Downloaded 03 Jul 2002 to 144.173.6.80. Redistribution subject to AIP
-

le-
c-

le
s,
e-

ly
s

i-
e
nd
g

Si

,
-

b-

-

e

i
e

report on the fabrication and electrical characteristics of t
neling devices made up of Ge nanoclusters embedde
CaF2 thin films and grown on a Si~111! substrate. One of the
purposes of employing calcium fluoride as tunneling barri
instead of silicon is the much higher barrier height~the band
gap of CaF2 is 12 eV! that provide the potential to operate
higher temperatures. Moreover, the CaF2– Si pair has a smal
lattice mismatch of about 0.6% at room temperature, and
fluorite-like structure of CaF2 is similar to the diamond-like
structure of Si. These features grow the crystalline pseu
morphic insulator films of CaF2 on Si~111! surfaces instead
of SiO2 films which are always amorphous and have a nu
ber of intrinsic defects. The current–voltage measuremen
the devices displays negative differential conductance
conductance oscillations at room temperature.

For resonant tunneling experiments, a layer of Ge qu
tum dots is embedded between two 2-nm-thick CaF2 tunnel-
ing barriers on top of a 0.005V cm p1-Si(111) substrate,
which acts as an ohmic back side contact. The top conta
formed by deposition of a fully relaxed 20-nm-thickp1-Ge
layer ~Fig. 1!. The growth details are following. The sample
were grown in UHV MBE system equipped with RHEE
system with a 40 kV electron gun. After RCA chemic

FIG. 1. Schematic of the SET device structure with self-assembled Ge q
tum dots.
© 2002 American Institute of Physics
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cleaning, the silicon substrates were loaded into the gro
chamber and heated at 830 °C during 20 min in ultrah
vacuum. A well-defined (737) pattern of RHEED was ob
served after the treatment. The fluorite and Ge were eva
rated from molecular cells with a graphite crucible for Ca2

and with a pyrolitic boron nitride crucible for Ge. Due t
molecular mode of CaF2 sublimation, the stoichiometry o
the grown layers was kept naturally. The growth rate of Ca2

and Ge layers was about 1 nm/min.
First, a bottom 2-nm-thick CaF2 layer was grown at a

substrate temperature of 520 °C. When thickness of the fl
rite increased up to 1 ML, a reconstruction (737) trans-
formed to (131) on the RHEED pattern. To avoid faults i
the surface structure analysis due to desintegration of
CaF2 under thee-beam action:~i! examination of the surface
structure was made as fast as possible, and~ii ! the specimen
has being relocated each time after the RHEED pattern
taken. After deposition of the first CaF2 layer, the sample
was annealed at 700–750 °C for 15 min to suppress the l
age current and increase electrical resistivity of the fluo
film. After heating, the RHEED pattern displayed the fra
tional strikes of 1/3 order between basic reflexes.

At the second stage, the temperature of the substrate
reduced to Ts5490 °C for sample No. 120 and toTs

5430 °C for sample No. 131. Then, the Ge molecular be
was supplied to the surface of specimen. The 1/3 or
strikes on the RHEED pattern disappeared immediately a
the Ge layer begun to grow. Spontaneous formation
Stranski–Krastanov Ge islands follows by abrupt transf
mation of the RHEED pattern. Namely, when thickness
Ge layer exceeds 3 nm, the elongated first order strikes tr
form to the grid of bright spots~Fig. 2!. Since reducingTs

results in decreasing of the size of Ge dots, one expects

FIG. 2. RHEED patterns after deposition of~a! 2 nm and~b! 3-nm-thick Ge
layer on CaF2 /Si(111). Azimuth ofe-beam incidence iŝ110&.
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smaller Ge nanoclusters in sample No. 131 than those
sample No. 120. Because of too small sizes of Ge dots gr
under the above conditions, we were not able to observ
reliable image of Ge nanoclusters. However, a clear AF
image of Ge islands can be obtained when the growth t
perature is raised up to 520 °C and the Ge nanoclusters
come as large as 50 nm in diameter~Fig. 3!.

A top 2-nm-thick CaF2 layer was grown above the G
layer after formation of Ge islands and then annealed
750 °C for 15 min as it has been made for the bottom fluo
layer. The fluorite growth temperature is equal to the grow
temperature of Ge in both samples. The finally deposi
p1-Ge cap layer was selectively etched using the plas
processing and the gold as an etch mask to form the me
The active device region is 0.5 mm2. The differential trans-
versal conductanceG5dI/dV was measured using a two
probe standard lock-in technique at a modulation amplitu
;1 mV and a frequency of 15 Hz.

The tunneling current derivative as a function of bi
voltage at room temperature is shown in Fig. 4. A zero c
rent region and quasiperiodic conductance oscillations w
period DV.100 meV for sample No. 131 and 80 meV fo
sample No. 120 accompanied by a negative differential c
ductance~NDR! are observed for both dot samples. The o
cillation structure is completely reproducible for multip

FIG. 3. Two-dimensional AFM image of the Ge islands grown
CaF2 /Si(111) at 520 °C with the Ge deposition amount of 3 nm.

FIG. 4. Conductance–voltage characteristics atT5300 K for two SET de-
vices with Ge quantum dots of different sizes.
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scans and not observed in similar samples containing no
dots. Since NDR is an inherent feature of resonant tunnel
we attribute the observed conductance oscillations rathe
hole tunneling through single-particle energy states in
nanoclusters than to single-hole charging. Actually, charg
effects are important in tunneling experiments when a car
~electron or hole! is substantially delayed in the dot durin
transport. This is possible for strong asymmetric junctions
which the transmission coefficient through the second bar
~thicker source! is much smaller than that through the fir
barrier~thinner drain!.13 Obviously this is not the case in ou
tunneling devices as both CaF2 barriers have equal thick
nesses.

For symmetric structure, the conductance should sh
peaks at voltage equal to twice the energies of the bo
hole states. From the period of oscillations, we estimate
energy level separation of about 50 meV for small-d
sample No. 131 and of about 40 meV for large-dot sam
No. 120. This observation is consistent with the fact that
effect of three-dimensional carrier confinement sho
weaken with increasing the quantum dot size. In Ref. 14,
separation of the energy levels in Ge self-assembled QD
silicon matrix was calculated to be 40–50 meV for~10–15!-
nm-Ge nanoclusters, which agrees well with the expec
size of Ge dots grown at low temperatures.11

In summary, we propose that CaF2 /Ge/CaF2 /Si(111)
heterostructures with self-assembled Ge quantum dots ca
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used as the basis of a resonant tunneling diode operatin
room temperature. Further work is in progress to reduce
of Ge nanoclusters and to improve device characteristics
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