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Resonant electron tunneling through semiconducting nanocrystals in a symmetrical
and an asymmetrical junction
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We studied resonant electron tunneling through individual CdSe and CdS nanocrystals in two types of
configuration. With nanocrystals electrodeposited on bare gold, the spectra show resonant tunneling via dis-
crete unoccupiedCB region and occupied level§VB region) at positive and negative bias, respectively. In
this asymmetrical configuration, the bias is only distributed across the tip/dot barrier; this allows one, in
principle, to derive the electronic structure of nanocrystals from tunneling spectra. With colloidal nanocrystals
covalently anchored to a gold substrate via hexane dithiol, tip-to-gold and gold-to-tip tunneling occurs via the
same set of unoccupied levels.

There is a growing interest in the size-dependent electricghe band gap and resonant tunneling through discrete unoc-
and optical properties of insulating nanocrystaisScanning  cupied(positive biag and occupied levelgnegative biasof
tunneling spectroscopy under cryogenic and ambient condthe nanocrystal, independent of the tip-to-dot distance. This
tions has been used to study the electronic structure cghows that the bias is distributed asymmetrically across this
nanocrystals with a large band gép1l eV), such as Cd$, junction. The second type of configurati¢fig. 1(b)] is
CdSe? and InAs® The current through the substrate/dot/tip formed by covalent anchoring of colloidal CdS and CdSe
double-barrier tunnel junctiofDBTJ) is measured as a func- Nanocrystals to a self assembled monolayer of hexane dithiol
tion of the biasV (defined here as the Fermi level of the tip O cyclohexylidene disulfid®.The tunneling spectra depend
electrode minus the Fermi level of the substra&, strongly on the tip-to-dot distance; at sufficiently small dis-

At . o . .
—Ep o). Usually, tunneling spectra, i.e., plots of the differ- tance, resonant tunneling at positive and negative bias occurs
ential conductancel/aV as a function ofV. feature a wide only via the discrete unoccupied levels of the nanocrystal.

region(1-3 eV) around zero bias in whichl/dV is close to Single epitaxially deposited quantum dots are obtained

zero. A series of peaks on both sides of this region have bee:/ﬁ';g;hgeg?lrg\]’g viﬁ?hcgfmtéu::rgjst iﬁggdngnnon; Ys\{[g:]s-;%gﬂnot
assigned to resonant tunneling between tip and substrate, via P nanocry

) . : connected.CdSe and CdS nanocrystals with sizes between 1
discrete unoccupied electron levdlsonduction banfland

. and 10 nm could be obtained by a slight variation of the
occupied levelgvalence banlof the quantum dot. deposition conditions. Figure(l?)) shows quantum dots co-
An important problem in the interpretation of the tunnel- P -9 9

. . P . valently anchored, in a sub-monolayer, at a gold/hexane
ing spectra is the distribution of the applied biasver both o . Lo
barriers of the substrate/dot/tip junction. A straightforwardg::/?ﬂalsﬁ‘gﬂnosgrbigtse'i;—ugggilg;g v?/ﬁﬁcl;roq[icf pﬁsp(;?g';n% Ilne s
interpretation is only possible if the bias is distributed in an ! nanocrysta’s, 1S p ; yp amp

. . : by positioning the tip above a dot that is somewhat isolated
asymmetricalvay over the DBTJ; thus when the Fermi level

from the others.

of one of the electrode@isually E ¢, has a constant po-

sition with respect to the energy levels in the dot, and thei Figure 3 shows tunneling spectra obtained with 10 nm-
Fermi level of the other electrodéf ;) scans through the arge CdSe dots electrodeposited on a gold substrate for three

energy range of interest WithEr ,/dV=1. Datta et al. tip-to-dot distances. The bias range arowid 0 in which

have discussed this topic in relation to tunneling spectros-

copy with molecules covalently bound to the substfafae @ (b) @

problem has also been recognized in studies of the electron, — , ¢ —————- Ekip
structure of semiconducting quantum wélsnd quantum sTm sm
dots with a large band gap. For instance, Baetral. re- " tip Chip/der lJtip/dot
ported that the tip should be retracted from the dot in order tc
ensure that the bias drops predominantly over the tip/dc . Y N e o
junction® However, how resonant tunneling through quan- =
tum dots depends on the distribution of the applied bias
across the supbstrate/dot/tip junction has not beepnpsystema 5 Coorzad lddm,sub
cally investigated. gold gold

We studied resonant electron tunneling through CdS an £

—————— F,sub

CdSe crystals of varying size in the nanometer range witt.
two types of substrate/dot/tip configuratitfig. 1); the dis- FIG. 1. Double-barrier tunnel junctions formed by a metal substrate, a
tribution of the bias across the junction was systematicallypemiconducting quantum dé@D), and the tip of an STM(@) A semicon-
investigated by variation of the tip-to-dot distance. In theductmg nanocrystal is electrodeposited on bare gdddA colloidal nano-

. . . . crystal is covalently anchored on the gold substrate via an alkane dithiol
first type of conflguratlor[Flg. 1(3‘)]' CdS or CdSe nanoc- self-assembled monolaydr) Electrical equivalent circuit corresponding to

rystals Wﬁre electrodeposited epitaXia”)_/ on a bare goldhe double-barrier tunnel junctiofsee text (In schemea, the presented
substraté’* It will be shown that the tunneling spectra reveal shape of the electrodeposited dot is not meant to be realistic.
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nM FIG. 4. Spectra of the differential conductandé/dV vs V, measured
) ) with colloidal CdSe nanocrystalsd& 3.2 nm; optical bandgap 3.2 ¢V
FIG. 2. STM Image of Cng ,COIIO'dS that are anchored on a gold SUb'Which are covalently bound to gold via a hexanedithiol SAM. Three differ-

strate covered with a hexanedithiol SAM. ent tip-to-dot distances are used, corresponding to the following settings:
V=12eV,(1) 1=2.0nA,(2) =10 nA, and(3)I=0.2nA
dlloV=0 is about 1.8 eV wide, a value close to the band gap ) ) )
of macroscopic CdS€1.84 e\). This agrees with the fact depends strongly on the tip-to-dot distance; it does not cor-
that a 10 nm-large CdSe dot has an electronic structureSPond to the band gap of the nanocrystal. Spectra obtained
which is close to that of a macroscopic crystal. The essentiglt & Sufficiently small tip-to-dot distance suggest symmetry
features of the spectido notchange with the tip-to-dot dis- with respe,ct to ze,ro bias; curve 1, for instance, shows twin
tance. Very importantlygl/dV rises much slower with in- peaks @,a’), (b,b’), and an equally steep slopedtJV at

; ; . _ o . positive and negative bias.
creasing negative biakg ip<Er,sun t_han W'.th Increasing Figure 5 shows tunneling spectra obtained with electrode-
positive bias. Similar results are obtained with electrodepos

posited CdSe nanocrystals, of varying size. The energy range

ited CdS nanocrystals. The results obtained with electro\-Ni,[h very small conductance increases from 1.8 eV for the

chemically grown crystals of variable size will be discussed;q hm dots to 1.92 eV for dots of 5 nm in diameter, and 2.3
below. , eV for dots of 2 nm in diameter. This illustrates the increase
Figure 4 presents tunneling spectra for CdSe colloidaln the hand gap with decreasing size of the dots. Despite the
nanocrystals(diameter of 3.2 nm, optical band gap of 2.3 strong coupling of the dots to the metal, size-quantization of
eV) that are covalently anchored to a hexane dithiol SAMthe electronic structure is clearly observed. Sharp peaks
layer on the gold substrate. The shape of the spectra depengdgidth 50 me\}, together with smaller satellites are found at
critically on the tip-to-dot distance, in contrast to those mea-ositive bias. In the opposite bias region, the peaks are typi-
sured with the electrodeposited crystals. The spectra showeally lower, andjl/dV increases less steeply with increasing
small region of low conductance. The width of this regiondeviation from equilibrium. It should be remarked that tun-
neling spectra obtained with different nanocrystaié a
| | | | given size show similar features, but are not completely
. ! identical. The peaks at positive biaSg;j,> Ef s, are due
14 J - to tip-to-dot-to-substrate tunneling via discrete unoccupied
levels. The peaks in the opposite bias region correspond to
17 [ - substrate-to-dot-to-tip tunneling via discrete occupied elec-
' tron levels.
The distribution of the biasy=Eg i, — Eg sup, Over the
~ / two barriers of the junction is calculated by applying the
1 846V laws of Kirchoff to the electrical equivalent scheme pre-
@)D : sented in Fig. (c); we assume that the quantum dot has a
. uniform potentialpy,:. The tip/dot and dot/substrate barriers
are characterized by the capacitan€gg,qor and Cyoysub:
respectively. The currentk;,;qor andJgoysup COrrespond to
®3) single electron tunneling. It is found that:
T | | | |

2 -1 0 1 2 C
dot/sub
V=Eg 1ip-Er sun(eV) e Pdot— Ptip) = T~ —— IV
Caovsubt Ctiprdot

1(nA}
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FIG. 3. Spectra of the differential conductandé/dV vs V, measured
with CdSe nanocrystal§l0 nm) that are electrochemically deposited on
bare gold. Three different tip-to-dot distances are used, corresponding to the f (Jdovsub™ Jtip/dot)dt
following settings:V=1.2 eV; (1) 1=1.0 nA, (2) 1=0.1 nA, and(3) | +e
=0.02 nA. The insert shows a typichls V curve. Cdoysub™ Ctip/dot
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I I I I I tra obtained with electrodeposited CdSe and CdS nanocrys-
(1) tals can be explained by assuming t&at,ysub> Crip/dot fO
all tip-to-dot distances that we have used. This is a reason-
able assumption since the Au/CdSe interface consists, very
probably, of an electrical double layer of molecular dimen-
sions, with a large capacitance. It then holds thédy;
— ¢1ip) =V, a change of the bias results in an equal change
of the tip Fermi level with respect to energy levels of the dot,
while the Fermi level of the substrate remains unchanged. In
this asymmetrical configuration, the tip Fermi level scans
over the energy levels of the nanocrydtsg¢e Figs. @) and
6(b)]. The onset ofil/dV>0 at positive bias corresponds to
(3) resonant tunneling from the tip-to-the-substrate via a discrete
A e unoccupied level, see Fig.(®. The onset ofdl/gV>0 at
T I [ [ I negative bias indicates resonant tunneling from the substrate-
-2 -1 0 1 2 to-the-tip via a discrete occupied level, see Fi)6In the
V=E¢ 1, Ee s (BV) latter case it is expected that the effective barrier height for
FIG. 5. Spectra of the differential conductandé/dV vs V, measured tunneling is much Iarger. As aresult, the QIfferentlaI conduc-
with electrodeposited CdSe nanocrystals. The settingVis:1.2 eV; | tancedl/dV (and the height of the peaks in resonaneeist
=0.1 nA. The diameters of the crystals &8¢ 10 nm,(2) 5 nm, and(3) 2 be lower in the negative bias range. This is, indeed, observed
nm. The bandgap indicated by the spectra(ajel.73 eV,(2) 1.92 eV, and  with electrochemically grown CdS and CdSe nanocrystals
(3) 2.3 eV, respectively. (see Figs. 3 and)5With such asymmetrical configurations it
is possible, in principle, to derive from the spectra the band
The second term on the right hand side accounts for thgap(the energy difference between LUMO and HOMéhd
charging energy due to occupation of the nanocrystal wittthe level spacing in the conduction and valence bafds.
one or more additional electrons or hol@aVith an insulat- The spectra obtained with colloidal CdSe and CdS nanoc-
ing nanocrystal, one can distinguish different contributionsrystals anchored at the substrate by hexane diiffim. 4)
to the charging energy. A first electr@ar hole injected in  show that the bias is distributed over the two barriers of the
the nanocrystal induces a polarization of the bonding elecjunction, especially if the tip-to-dot distance is relatively
trons. The dielectric stabilization is limited by the small small. The almost symmetrical spectra obtained with small
dimensions! The charging energy paid for the first electron tip-to-dot distances(curve 1 indicate resonant tunneling
is called the polarization enerdggenoted a&, for the elec-  through thesame sebf electron levels at positive as well as
tron andE,, for the holg. When more electrons are injected at negative bias. Thus, the effective barrier height must be
into the nanocrystal, Coulomb interactions between the inequal in both regions of bias. This agrees with our results
jected electrons forms another contribution to the chargingvhich show thatil/9V and the heights of the peaks are of
energy! These interactions depend on the dynamics of elecequal magnitude in both bias regions, in sharp contrast to the
tron tunneling and relaxation in the partitleand will be  case of nanocrystals electrodeposited on bare gold. The rela-
discussed elsewhere in detail. If the semiconducting nanaively high values ofdl/dV indicate that these levels are
crystal is in the ground state, i.e., does not contain an addunoccupied levels in the energy region of the conduction
tional electron or hole, the distribution of the bi&sover  band. It remains to be explained why tfsymmetrical pairs
both barriers of the junction is determined by the first termof resonances are observed so close to the point of zero bias.
on the right hand side. This holds in the bias range in whichA possible explanation might be found in the electrostatic
dllaV=0; by integration of Eq.1) it is then found that interaction between the crystal dipole of the dot with the
e(@dot— ?tip) = VI Caovsub! (Cdovsubt Cripidon ]- The spec-  image charges in the metal electrodésshich can lead to a

0.1 nAleV

dr/dv
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FIG. 6. Schematic representation of the discrete electron levels of a quantum dot with respect to the Fermi levels of the substrata,Bnd tip.
Asymmetrical configuration: the shift of the tip Fermi leu&llack arrow with respect to the electron levels in the crystal correspond to the\bias
(=Ekr,tip— Er sun)» tunneling occurs via unoccupied levés and the occupied leveld) at positive and negative , respectivelg,d Symmetrical configu-
ration: The Fermi level of the tip and the substrate shift with respect to the electron levels in the crystal when a bias is@muitiye bias: tip-to-substrate
tunneling occurs mainly via the unoccupied levéty; negative bias: substrate-to-tip tunneling occurs via the same set of unoccupied levels.
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lowering of the energy levels of the nanocrystal with respect
to the Fermi level in both electrodes.

We conclude that the tip-to-dot distance is a critical pa-
rameter if tunneling spectroscopy is used to determine the
electronic structure of colloidal nanocrystals. This is con-
vincingly illustrated with the spectra shown in Fig. 7 ob-
tained with 4.3 nm large colloidal CdSe nanocrystals at 4 K.
Spectruma features tunneling through discrete levels of the
conduction band both at negative and positive bias. How-
ever, when the tip-to-dot distance is considerably increased
[Fig. 7(b)], an asymmetrical spectrum is obtained. The con-

di/av (10 nA/ev)

ductance peaks at positive bias correspond to tunneling B : V=EF,Tip'§F,Sub (eV) 1 2
through the levels of the conduction band, wher¢dme
much lowej peaks at negative bias correspond to tunneling 6 — b
through levels of the valence band. The energy diagram of ( )

. : . 5
discrete electron levels which can be derived from such a .
spectrum will be discussed in detail elsewhere. Here, we re- & 4
port that the set of peaks observed at positive bias is very <
typical for this type of CdSe nanocrystals; the set is in fair "'9 3
agreement with the energy levels in a quantum box with > o

; . ) 3

cubic symmetry. The region of very low conductance is 2.5 B
eV. It corresponds to the band gap and the polarization en- 1
ergies of an electron and hol&.+E,. From the optical
absorption spectrum and the electron-hole attraction energy 0——rn—|-rrr1—|—|—n'|—|Trn—|Trn—lTn—rr‘rl‘nﬂTrr1‘l‘|
it follows that the band gap is 2.28 eV for these CdSe nanoc- -2 -1 0 1 2
rystals. We thus estimate thBt+ Ej, is 0.22 eV. V=E¢ 1ipEr sup (€V)

It is clear that the distribution of the bias over both barri-  FiG. 7. spectra of the differential conductandé/dV vs V, measured
ers of a substrate/nanocrystal/tip configuration forms an eswith colloidal CdSe nanocrystalé4.3 nm on cyclohexylidenedisulfide-
sential element in the interpretation of tunneling spectra. We&AM on gold under vacuum at 4.2 K. The corresponding settings\are:
provide experimental results showing that the entire elec=1.4 eV (@ =150 pA,(b) I=5 pA.
tronic structure of a nanocrystal can _be s_tudied _Convenie”tllﬁarrier height.
by tunneling spectroscopy if the bias is distributed very
asymmetrically over both barriers. This means that the essen- We wish to thank Professor L. KouwenhovgDepart-
tial features of the tunneling spectra must be independent ahent of Applied Physics, University of Delfand Professor
the tip-to-dot distance. In addition, the spectra in the negativél. van Kempen[Department of Physics, University of
and positive bias regions must reflect the difference in théNijmegen for their interest in this work.
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