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Resonant tunneling diodes were implemented on Ge quantum dots fabricated using Stranski—
Krastanov growth mode on CaFmatrix, lattice matched to &ill) 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 nie¥., >kT=26 meV atT=300 K). © 2002
American Institute of Physics[DOI: 10.1063/1.1494465

Three-dimensional quantum confinement in a semiconfeport on the fabrication and electrical characteristics of tun-
ductor quantum dotQD) leads to the formation of zero- neling devices made up of Ge nanoclusters embedded in
dimensional0OD) states with discrete energies. The interplayCaF, thin films and grown on a §i11) substrate. One of the
between resonant tunneling through 0D states and singlgurposes of employing calcium fluoride as tunneling barriers
electron charging effects underlies operation of single elecinstead of silicon is the much higher barrier heigihie band
tron tunneling (SET) devices. Development of silicon- gap of Cak is 12 e\) that provide the potential to operate at
compatible nanoelectronics has attracted considerableigher temperatures. Moreover, the GalSi pair has a small
interest in recent years. For future application of SET diodedattice mismatch of about 0.6% at room temperature, and the
it is necessary to rise the operation temperature of the ddluorite-like structure of Cafis similar to the diamond-like
vices up to 300 K. To satisfy this condition, the size of QDsstructure of Si. These features grow the crystalline pseudo-
has to be smaller than 10 nm. This requirement considerablgorphic insulator films of Caffon Si(111) surfaces instead
restricts the possibility of using the lithographic processe®f SiO, films which are always amorphous and have a num-
for fabrication ultrasmall QDs. In this way the self- ber of intrinsic defects. The current—voltage measurement of
assembled quantum dots, which are formed without addithe devices displays negative differential conductance and
tional lithography procedure and whose diameter can beonductance oscillations at room temperature.
achieved as small as 10 nm are more advantageous and For resonant tunneling experiments, a layer of Ge quan-
hence more relevant for application in SET devices operatingum dots is embedded between two 2-nm-thick Caffnel-
at room temperature. ing barriers on top of a 0.008 cm p*-Si(111) substrate,

To date most work in the field of silicon-compatible which acts as an ohmic back side contact. The top contact is
resonant tunneling diodes is concentrated on arrays of $prmed by deposition of a fully relaxed 20-nm-thigk -Ge
nanocrystallitegnc-S) embedded in a double-barrier struc- layer (Fig. 1). The growth details are following. The samples
ture with ultrathin SiQ barriers. In these previous samples, were grown in UHV MBE system equipped with RHEED
SiO, /Si/Si0, structures were produced either by simulta-system with a 40 kV electron gun. After RCA chemical
neous crystallization and oxidation of amorphous silicdn
or by decomposition of Silin various combination$:’ Re-

cently, single-electron tunneling effects have also been ob-

. - . . L Au
served in phosphosilicate glass films containing rfcaBil in
silicon nanopillars with silicon nitride tunneling barriets. 20 nm p*-Ge
Arrays of Ge self-assembled QDs embedded in silicon rep- 2 nm CaF; tunneling barrier
resent another attractive type of SET devit®s.However, — |l e o< Gedois
until now, the resonant tunneling effects in Ge/Si QDs were 2 nm CaF; tunneling barrier
observed at onlyr <200 K.2°~12The reason is a relatively
narrow band gap of Si~1 eV) with respect to insulators (111) p'-Si substrate
(~10 eV), which makes thermoelectronic emission over Si Au
barriers to be effective at high temperatures. In this work, we |

FIG. 1. Schematic of the SET device structure with self-assembled Ge quan-
3Electronic mail: yakimov@isp.nsc.ru tum dots.
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FIG. 3. Two-dimensional AFM image of the Ge islands grown on
CaF,/Si(111) at 520 °C with the Ge deposition amount of 3 nm.

smaller Ge nanoclusters in sample No. 131 than those in
sample No. 120. Because of too small sizes of Ge dots grown
under the above conditions, we were not able to observe a
reliable image of Ge nanoclusters. However, a clear AFM
image of Ge islands can be obtained when the growth tem-
perature is raised up to 520 °C and the Ge nanoclusters be-
FIG. 2. RHEED patterns after deposition(qj 2nm an(_j(b) 3-nm-thick Ge  come as large as 50 nm in diame(Eig. 3).
layer on Cak/Si(111). Azimuth ofe-beam incidence i$110. A top 2-nm-thick Cak layer was grown above the Ge
layer after formation of Ge islands and then annealed at
cleaning, the silicon substrates were loaded into the growtd50 °C for 15 min as it has been made for the bottom fluorite
chamber and heated at 830°C during 20 min in ultrahighayer. The fluorite growth temperature is equal to the growth
vacuum. A well-defined (¥ 7) pattern of RHEED was ob- temperature of Ge in both samples. The finally deposited
served after the treatment. The fluorite and Ge were evapd? -Ge cap layer was selectively etched using the plasma
rated from molecular cells with a graphite crucible for gaF Processing and the gold as an etch mask to form the mesas.
and with a pyrolitic boron nitride crucible for Ge. Due to The active device region is 0.5 mnThe differential trans-
molecular mode of CaFsublimation, the stoichiometry of Versal conductanc&=dl/dV was measured using a two-
the grown layers was kept naturally. The growth rate of CaF probe standard lock-in technique at a modulation amplitude
and Ge layers was about 1 nm/min. ~1 mV and a frequency of 15 Hz. , _
First, a bottom 2-nm-thick CaFlayer was grown at a The tunneling current de_rlvatlve as a .functlon of bias
substrate temperature of 520 °C. When thickness of the flug.0ltage at room temperature is shown in Fig. 4. A zero cur-
fite increased up to 1 ML, a reconstruction(7) trans- rent region and quasiperiodic conductance oscillations with
formed to (1X 1) on the RHEED pattern. To avoid faults in PEfodAV=100meV for sample No. 131 and 80 meV for
the surface structure analysis due to desintegration of th ample No. 120 accompanied by a negative differential con-
CaF, under thee-beam action(i) examination of the surface _uctgnce(NDR) are observed for both dot _samples. Th(:f‘ 0S-
structure was made as fast as possible, @hdhe specimen cillation structure is completely reproducible for multiple
has being relocated each time after the RHEED pattern was
taken. After deposition of the first CaHayer, the sample 0.8

was annealed at 700—750 °C for 15 min to suppress the leak-
age current and increase electrical resistivity of the fluorite & 06 sample #120
film. After heating, the RHEED pattern displayed the frac- %
tional strikes of 1/3 order between basic reflexes. § 04}
At the second stage, the temperature of the substrate was g
reduced toT,=490°C for sample No. 120 and td 15’ 02t
=430 °C for sample No. 131. Then, the Ge molecular beam =
was supplied to the surface of specimen. The 1/3 order 5 oof
strikes on the RHEED pattern disappeared immediately after k] sample #131
the Ge layer begun to grow. Spontaneous formation of 2 ool
Stranski—Krastanov Ge islands follows by abrupt transfor- - . - - -
mation of the RHEED pattern. Namely, when thickness of 45 40 05 00 05 10 15
Ge layer exceeds 3 nm, the elongated first order strikes trans- Voltage (V)

form to the grid of bright spotﬁFig. 2). Since redUCingTs FIG. 4. Conductance-voltage characteristic3 &t300 K for two SET de-

results in decreasing of the size of Ge dots, one expects thées with Ge quantum dots of different sizes.
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scans and not observed in similar samples containing no Gesed as the basis of a resonant tunneling diode operating at
dots. Since NDR is an inherent feature of resonant tunnelingoom temperature. Further work is in progress to reduce size
we attribute the observed conductance oscillations rather tof Ge nanoclusters and to improve device characteristics.
hole tunneling through single-particle energy states in Ge i .

nanoclusters than to single-hole charging. Actually, charging 1"€ @uthors would like to thank Shhamirjan D. G. for
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(electron or holgis substantially delayed in the dot during NO- 97-10528 RFBR (Grant Nos. 00-02-17900, 00-02-

transport. This is possible for strong asymmetric junctions, int /889 and RFBR-GFENGrant No. 99-02-39051

which the transmission coefficient through the second barrier

(thlc_ker s_ourcb IS mulgh smaller tha_ln_that through the first 1Q. Ye, R. Tsu, and E. H. Nicollian, Phys. Rev.48, 1806(1991.

barrier (thinner drain.= Obviously this is not the case in our 2g, H_ Nicollian and R. Tsu, J. Appl. Phy24, 4020(1993.

tunneling devices as both Camarriers have equal thick- *D. W. Boeringer and R. Tsu, Phys. Rev.58, 13337(1995.

nesses. 4M. Fukuda, K. Nakagawa, S. Miyazaki, and M. Hirose, Appl. Phys. Lett.

, 70, 2291(1997).
For symmetric structure, the conductance should shows ,° Dutta, M. Kimura, Y. Honda, M. Otobe, A. Itoh, and S. Oda, Jpn. J.

peaks at voltage equal to twice the energies of the boundappl. Phys., Part B6, 4038(1997.

hole states. From the period of oscillations, we estimate theSK. Kim, Phys. Rev. B57, 13072(1998.

energy level separation of about 50 meV for small-dot (TZ-O%"’]‘;O“ P. Gentile, N. Magnea, and P. Mur, Appl. Phys. L29.1175
sample No..13l and of abput 40.meV fqr large-dot samplesy | oue and A. Tanaka, J. Appl. Phy85, 3199(1999.

No. 120. This observation is consistent with the fact that the®p. m. Pooley, H. Ahmed, H. Mizuta, and K. Nakazato, J. Appl. P9

effect of three-dimensional carrier confinement should 4772(20023.

weaken with increasing the quantum dot size. In Ref. 14, the A - Yakimov, V. A. Markov, A. V. Dvurechenskii, and O. P. Pchelyakov,

. . . Philos. Mag. B65, 701(1992.

sg-paratlon 9f the energy levels in Ge self-assembled QDs Mp Yakimov, V. A. Markov, A. V. Dvurechenskii, and O. P. Pchelyakov,
silicon matrix was calculated to be 40—-50 meV {©@0—15- J. Phys.: Condens. Mattér 2573(1994.

nm-Ge nanoclusters, which agrees well with the expecteffo- G. Schmidt, U. Denker, K. Eberl, O. Kienzle, F. Ernst, and R. J. Haug,

: Appl. Phys. Lett.77, 4341(2000.
size of Ge dots grown at low temperatui‘és. 13U. Meirav and E. B. Foxman, Semicond. Sci. Techridl, 255 (1995.

In summary, We propose that Calee/Cak/Si(111) 144 v Dyurechenskii, A. V. Nenashev, and A. 1. Yakimov, Nanotechnology
heterostructures with self-assembled Ge quantum dots can bea3, 75 (2002.

Downloaded 03 Jul 2002 to 144.173.6.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



