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Ambipolar Coulomb Blockade Characteristics in a
Two-Dimensional Si Multidot Device

Ratno Nuryadi, Hiroya lkeda, Yasuhiko Ishikawa, and Michiharu Tabe

Abstract—A two-dimensional Si multidot channel field-effect 1. Formation of SiN islands

transistor is fabricated from a silicon-on-insulator material and o SiN islands (10-20 nm &)
the electrical characteristics are studied. The multidots are formed 1 top Si (18 nm)

using a nanometer-scale local oxidation of Si process developed
in our laboratory. The device shows ambipolar characteristics be- n-Si
cause of Schottky source and drain, i.e., the carriers are electrons
for positive gate voltage and holes for the negative one. It is shown = S0
that Coulomb blockade (CB) oscillations are clearly observed for e (nm)
both of the electrons and holes at measurement temperatures up to

buried Si0;

Selective oxidation

60 K. Both CB characteristics show nonperiodic oscillation and an s N
open Coulomb diamond. These features are ascribed to the single
electron/hole tunneling in the Si multidot channel. 3. Removal of SiN islands and SiO,

Index Terms—Ambipolar Coulomb blockade, Schottky contact, o Sidot

Si multidot, single electron tunneling, single hole tunneling.

400
(nm)

. INTRODUCTION 4. Control of tunnel resistance between dots

INGLE-ELECTRON/HOLE Tunneling (SET/SHT) de-  ~_—~_—4=_ S-im-thick Si layer
ices have attracted much attention as a candidate :
future nanodevices in terms of ultra-high density integratic
and low-power consumption. The SET/SHT devices have be
fabricated using various material systems such as Sj/Siu
[11-[3], GaAs [4], [5] and carbon nanotube [6], [7] systeMsgig. 1. (a) Fabrication steps of Si multidots. (b) AFM image of the fabricated
Particularly, Si-based-SET devices have been demonstrated.
to operate at or near room temperature [1]-[3]. In applying
Si SET devices to new functional devices such as quanty@B) oscillations for electrons and holes are clearly observed in
cellular automata (QCA) [8], [9] and photoimaging devicethe same device. In CB characteristics, spacing between current
[10], it is necessary to develop the SET/SHT devices composeshks in the CB oscillations is not constant and current contour
of a two-dimensional (2-D) array of Si dots. So far, most gflots for the drain voltage and gate voltage plane show an open
the Si-based SET devices utilize single dot or one-dimensio@bulomb diamond. These features are ascribed to SET/SHT
(1-D) dot array [1], [11], [12], while only one paper has beethrough the Si multidot structure.
reported [13] on the transport properties in the 2-D Si dots,
to our knowledge. In [13], 2-D multidots composed of an un- Il. DEVICE FABRICATION

dulated ultrathin silicon-on-insulator layer were formed using As the starting substrate, a silicon-on-insulator (SOI) wafer

anisotropic. wet etching i_n an alkglim_a—bgsed SOlu'[ior]'.SUChczgmposed of a 150-nm-thick lightly doped p-type top Si layer
method using wet chemical etching is simple, but difficult t% 90-nm-thick buried Silayer and am*-type Si substrate '
precisely control the structure. '

In this article, we present a new fabrication method of Si spyas used. This SOI substrate was fabricated in our laboratory by
’ a]wafer—bonding technique [15]. In this work, we use heavily-

devices with a 2-D multidot channel and study their electric% . .

. . . oped base Si substrates as a backgate (see Fig. 2), because a
characteristics. The multidots are formed using a nanometecr)—Ita e drop can be nedlected
scale local oxidation of Si (nano-LOCOS) process developed %y g b 9 '

the authors [14]. The nano-LOCOS process is effective to co 'In the first step of fabrication, the thickness of the top _S_l layer
; . . of the SOI wafer was reduced to about 18 nm by repetitive cy-

trol the size of Si dots. It will be shown that Coulomb blockade - . .
cles of thermal oxidation and subsequent chemical etching of

the SiG. The top Si thickness of 18 nm is thick enough to pre-
Manuscript received June 6, 2003; revised July 15, 2003. This work was siisnt the agglomeration of the Si |a_yer [16] [17] during high
ported in part by CREST of Japan Science and Technology, and in part by a . . !
Grant-in-Aid for Scientific Research from the Japan Society for the Promgemperature cleaning used in the nano-LOCOS process, as de-

tion of Science. This paper was presented in part at the Silicon Nanoelectrorsesibed below.

(@) (b)

Workshop, Kyoto, Japan, June 2003. , _ _Fig. 1(a) shows a schematic process flow of the fabrication
The authors are with the Research Institute of Electronics, Shizuoka Univer- d f Si ltid by th LOCOS Th
sity, Hamamatsu 432-8011, Japan. procedure of Si multidots by t e nano- )S process. The
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Fig. 3. Drain-source currentl,,) versus backgate voltagd’,) of the

Fig. 2. Schematic view of Si SET device. (b) Cross-sectional view of the §) SHD and (b) SED characteristics at 15 K. The curves are shifted vertically
channel. by (a) 2 pA and (b) 0.1 pA, respectively, for clarity.

11 —2 H H
SiN islands; 2) selective oxidation with SiN masks; 3) remov@"d2 x 107" cm™=, respectively. The values of the lateral size

of SiN islands and Si@ and 4) control of tunnel resistance bef’md the density of the dots are in good agreement with those of

tween dots. Details of the process are as follows. Prior to Ioadi§. islands. The observed dots height of 4 nm is also in good
into an ultra-high vacuum (UHV) chamber, the SOI substrate reement with the expected height of the dots measured from

chemically cleaned in H,SO4/H,0, mixture and then rinsed the surface of the connecting Si layer (about 5 nm).
in a deionized water. After high-temperature cleaning (aboyt | "€": the Si layer with multidots was patterned by a conven-

930°C) in UHV for removing the surface oxide, ultrasmall SiNt|onaI eIec_tron beam Iitho_graphy and' a selective etching with a
islands were naturally formed on the Si surface by supplyi H ;olutlon to form a Si channel. Fmglly, AI electrodes were

N, gas (partial pressure afx 105 torr) for 100 s at the sub- eposited as Schottky source and drain. Fig. 2(a) and (b) show
strate temperature of 750. Here, as pointed out by Janzer{he schematic view of the final structure and the cross-sectional

o
and Monch [18], nitrogen radicals automatically excited by 4eW Of the channel. The base”-Si substrate works as the
nude ionization gauge, are responsible for the SiN formation, fickgate and no top gate is prepared. The channel width and the

this condition, the SiN islands with a lateral size of 10-20 nm stance between source and drain are about 0.3 andi,8

thickness of only 0.5 nm, and a density of abdut10'! cm~2 'respectively. As mentioned above, the Si layer connecting the
are formed [19] [2'0] ’ ' Sidots is important for the tunneling transport. Comparing the

Next, the surface was selectively oxidized with the S"gwest energy level of the 5-nm-thick Si layer and ihe 9-nm

masks by a conventional furnace oxidation. It is noted that ttgt h?'ght -resEItgdhtfrom thetguatn t(ljthn (l:)onélgem?/n; ef:]eclts, th%
SiN islands work as oxidation masks despite their thickness nel barrier heights are estimated to be 5u mev ior holes an

only 0.5 nm [19], [20]. The oxidation was carried out at 800 meV for electrons, respectively. (Details will be shown later.)
1 atrﬁ dry O,) 1"or 1;50 min, immediately after the nitrided The other important feature of this device is that ambipolar
sample was removed frorr,1 the UHV chamber. Since thf aracteristics are expected due to the Schottky source and

oxidation produces a 12-nm-thick SiCayer on the Si surface rain. For positive backgate VOItaQ%Q)’ electron_s are in-
Si multidots with a height of about 18 nm are formed whi,c uced in the channel and the device acts as a single-electron

are connected with the 13-nm-thick Si layer. (It is noted that tie '€ (SED). On the other hand,_for negathig, _holes are
height of the dot is measured from Si/buried Si@terface.) induced and the device acts as a single-hole device (SHD).
Then, the sample was dipped in HpSO,/H2 04 mixture and
subsequently in a diluted HF solution. By this treatment, the
SiN masks as well as SiOvere removed. Next, the thickness Fig. 3 shows the drain-source curréht,) versusy;,, charac-
of the Si layer connecting the dots was reduced to be abasitistics for (a) SHD and (b) SED conditions at 15 K as a param-
5 nm by further oxidizing the whole surface. Simultaneouslgter of drain-source voltagé’;, ). The current oscillations due
the height of the dots are reduced to be about 9 nm. Here, theCB phenomena are clearly observed for both conditions. This
ultrathin Si layer connecting the Si dots plays an essential r@tesult means that the device has an ambipolar property and that
in this device because it works as a tunnel barrier (or tunrtele tunnel barriers are certainly formed in both of the conduc-
resistance) between the dots. tion and valence bands of the channel, as schematically shown in
Fig. 1(b) shows a typical atomic force microscope (AFMIrig. 3(c) and (d). Such an ambipolar and CB characteristics has
image taken for the multidots. From the AFM image, the laterbken reported in FETs with a carbon nanotube as a channel [6],
size, height and density of the Si dots are about 20 nm, 4 fi. In the Si/SiGQ system, ambipolar CB characteristics have

I1l. DEVICE CHARACTERISTICS
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Fig. 4. Single-hole (electron) percolation path. large Coulomb diamond

been observed for a point contact channel FET which has 1
nT-Si source/drain contacts for electrons separately frorSi
source/drain for holes [21]. In the present experiment, on t
other hand, we observe ambipolar CB characteristics for Fl .
with the 2-D Si multidot channel connected to source/drain co small Coulomb diamond
tacts common to electrons and holes, for the first time. (c)

In an ordinary single-electron transistor that consists of a
Coulomb island connected to two ultrasmall tunnel junctiorigg. 5. Contour plot of thé/,.| versusV,, and drain-source voltagd’,. )
and a gate capacier’ ), the current-voltageH(V) character- 5 (9S40 ) SE0 condtons (0 Covlos damond isgan o o
istics are periodic with the gate voltag¥,). The periodsV
is equal toe/Cy, wheree is the electron charge. However, the
spacing between the current peaks in Fig. 3 is not constant. Taigl it can be expected that the number of barriers effectively
strongly suggests that several single electron (hole) transistéf@rking as a junction for holes is larger than that for electrons.
with differentC, are working in the channel. Actually, the dotThis may be the origin why the regularity in the current-peak
size and the interspacing are not uniform, as seen in Fig. 1(b)intensity is different between SHD and SED conditions.
such a case, the dot capacitance as well as the tunnel resistaniieis also seen in Fig. 3, that the current level observed for
between the dots are different each other. Therefore, we belitire SHD condition is two orders of magnitude larger than that
that an electron (hole) percolation path, which has the largdst the SED condition. This fact is not ascribed to the differ-
total conductance, is formed in the channel and then a few tuneakte of the tunneling resistance between holes and electrons,
junctions with highest resistance in the path dominate the checause the tunnel barrier height for holes is larger than that for
rier transport, as shown in Fig. 4. The number of such effectiedectrons as mentioned earlier. Therefore, the number of car-
percolation paths is expected to be small, because current pedges injected at the source contact or emitted to drain contact
in 1=V characteristics would disappear due to averaging efféstguessed to determine the current level. At the measurement
by the peak superimposition if many parallel percolation patie$ 15 K, thermionic emission of carriers beyond the Schottky
are present. barriers is negligible. In stead, tunneling of carriers from/to Al

Here, we focus on the current-peak intensity in the CB chaglectrodes through the Schottky barrier would dominate the cur-
acteristics. It seems that irregularity in the current-peak intensfgnt flow. In such a case, the difference of the Schottky barrier
is noticeable for the SHD condition. That is, with negatively inheight (SBH) between electrons and holes causes the difference
creasing thé/,,, the peak intensity does not increase succegf the current level, i.e., if the SHB for electrons is larger than
sively, in contrast with the SED condition. This fact is guessdtbles, electron current is smaller. We have not yet measured bar-
to reflect difference in the number of dots contributing tolthé ~ rier height directly, but the typical SHB seems to be 0.58 eV for
characteristics, which originates from the tunnel barrier heigtigles and 0.72 eV for electrons at 300 K in Al/Si contacts [22].
for holes and electrons, concerning the same dot. Based on thEig. 5(a) and (b) show the contour plots of tHg;| in the
quantum confinement effects, the energy level in the Si layerlig, — V3, plane for SHD and SED conditions, respectively. For
inversely proportional to the effective mess*) andt%,, where both conditions, rhombus-shaped structures are seen, which is
t2, is the thickness of the Si film. The tunnel barrier height rethe direct evidence of the CB effect. However, various sizes and
sults from the difference of the lowest energy levels at the top siiapes of the rhombus structures are present. Furthermore, they
dot and the valley between dots. Although both holes and elece not completely closed at current peak positions for very low-
trons have two effective masses, the minimum energy leveldgain voltages. Theoretically, such open and deformed Coulomb
mainly determined by the larger effective mass. Therefore, wWeamonds are ascribed to serially connected single-hole (elec-
use the heavy hole effective mass, = 0.49 m, and longi- tron) transistors having different values of dot capacitance [23],
tudinal electron effective mass;, = 0.98 m, (m, is electron as schematically shown in Fig. 5(c). Such Coulomb diamonds
rest mass) for estimation. As a result, the barrier height for holegre experimentally observed for multiple tunnel junctions in
(50 meV) is 2.5 times higher than that for electrons (20 meV3i/SiO, [2], [24] and GaAs [25] systems. The other mechanism
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to explain the open Coulomb diamonds is the effect of the res 100
tive environmental impedance, as reported by Inguldl. [26] 80 L i
. . 70K
and Wakayeet al. [27], since our FET has large resistances 60K
the Schottky source and drain. This resistance may be anot?m 60 50K
reason for the open diamonds, although serially connected FE= 40 | 35K _
with different dot capacitances are necessary to explain the \'izo 25K
ious sizes and shapes of the diamonds. 2 i
It should be noted that the Coulomb diamonds are shiftt 0 15K
toyvard tothe positivé’dsdire.ct.ion by about 8 mV. The origin of' 26 24 22 20 8 26 27 28 29 30 31 32
this offset has not been clarified yet. The actual voltage appli
Vig (V) Vig (V)

to the 2-D multidot channel might be different due to the fixe
charges related to the effects such as the floating body effec. .. @ (b)
the SOl-based FET and the interface states. We confirmed that ) . )

. L ... . Flg. 6. Temperature dependence/pf at fixedV,;, = —15 mV for (a) SHD
the error of thé/;; supplied between source and drain is withiRng () SED conditions.
1 mV, but small high-frequency noise in thg, signal may be

the another possible reason. Further investigation is necessar?_g_ S )
to clarify this point. inally, we make a brief discussion on another temperature

In the Si/SiQ system, recently, multijunction transistors witteffeCt. It is known that CB peaks split into some sharp peaks
a doped Si channel have been studied [28], [29], in which it w44th decreasing temperature in the multidot system [2], [31].
demonstrated that CB oscillations are induced by the additiof#@Wever, in Fig. 6, prominent splitting is hardly observed in
dots originating from the dopant pileup, rather than the geB4r measurements. \e bellev_e that thls is because of the mea-
metrical structure of the channel itself. In our case, we belieggrementconditions, i.e., tfig, interval is not short enough for
that the geometrical structure is responsible, because the lighl§ observation of peak splitting.
doped Si channel was used. In order to confirm this, the size of
the smallest dot, which mainly determines th¥ characteris- IV. CONCLUSION

tics, is estimated from the backgate capacit .Fromthe - .
g pacitaigg) We have presented the fabrication method and carrier trans-

CB oscillations in Fig. 3C, is calculated to be about 0.15 aF o : . L
for SHD and 0.18 aF for the SED, respectively, using the reIati(BJr(?rt characteristics of a 2-D Si multidot SET device in SOI sub-

Gy, = ¢/8Vh,. Here, the average period, of 0.9 V for SHD strate. The multidots are formed by using nano-LOCOS process
an?i 1.1V foi SED, are used\(, is rough!I]y determined from developgd by the authors. It.W‘."lS dgmonstrated t.hat our device
the current peaks indicated by arrows in Fig. 3). Assuming thagS ambipolar CB characteristics, in which the single-electron

the dot has a semi-spherical shape with a radjdise backgate and single-hole wansport phenomena were C_'e"?“'y observeql at
capacitance is expressed@s = 6065io27r7"2/t130x, wheree,, temperatures up to 60 K. In .both CB chargctgrlstps, the spacing
is the permittivity in vacuumeg;y the relative dielectric con- between the current peaks in the CB oscillations is not constant

stant of SiQ andt the buried SiQ@ (BOX) thickness. For and the rhombus-shaped structures in the current contour plot
Cpo = 01— 0 2a]13«“021<ndtBOX — 90 nm. the radius is ésti— for V45 — Vi, show open diamond. These features are associ-
g = 0. . = ,

mated to be about 9—13 nm. This value is in good agreeméw'f'd with the electron/hole transport through Si multidot struc-
with the dot size obtained from AFM image. Therefore, the Ott)l_Jre. Moreover, it was confirmed that the single-charge transport

served CB oscillations are due to the geometrical structures®f induced from the ge_ometncal structures of the dots, indi-
the dot formed by the nano-LOCOS process. cating that the characteristics can be tuned up by nano-LOCOS

Next, we estimate the charging enedgy of the smallest dot process.
which dominates the-V characteristics. From the contour plots
of Fig. 5, the total capacitanegs, is obtained to be about 16 aF ACKNOWLEDGMENT
and 14 aE for SHD and SED, respectively. These values lead %rhe authors would like to thank T. Mizuno for his technical
the charging energ¥,. of 5and 5.7 meV for SHD and SED, re- upport
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