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Coulomb blockade of electron transport in a ZnO quantum-dot solid
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The temperature dependence of electron transport was studied in an assembly of ZnO quantum dots.
The number of electrons per quantum dot was controlled by the electrochemical potential. For
assemblies permeated with organic electrolyte solutions, the electron conductance measured in the
linear response regime shows an activation energy of 80—120 meV. Our analysis indicates that this
is due to Coulomb blockade of electron transport.2@03 American Institute of Physics.
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Quantum-dot solids, formed by assembly of semicon-  Here, we report on the temperature dependence of elec-
ductor nanocrystals, may find application in electronic andron transport through assemblies of ZnO quantum ¢bis
optoelectronic devices, such as light-emitting diodes, lasergverage diameter is 4.3 nipermeated with an aqueous elec-
photodiodes, solar cells, and electrochromic windows. Dugrolyte solution and with two nonaqueous solutions based on
to quantum confinement, the nanocrystal building blocks okthanol or propylene carbonate solvefwith 0.1 M tetrabu-
such solids have a set of discrete conduction and valenaglammonium perchlorajé’ The linear conductance between
energy levels with atom-lik§, P, symmetry. Semiconductor source and drairGy, at a given electron numbén), was
nanocrystals are, therefore, referred to as quantum dots oeasured in a broad range between room temperature and
artificial atoms. The energy separation between the electrothe freezing point of the solutions. Sin¢e) is indepen-
levels may be considerably greater than the thermal energyently controlled by the electrochemical potential of the as-
kgT which opens the possibility of exploring the quantum sembly, the temperature dependence of the electron conduc-
properties of such solids, even at room temperature. tance in the linear response regime should reveal

The electronic properties of quantum-dot solids are defundamental aspects of electron transport through a
termined by the energy levels of the nanocrystal buildingquantum-dot solid, such as effects due to size-dispersion of
blocks, the electronic coupling between them and the occuthe nanocrystals or Coulomb repulsion between the elec-
pation of the energy levels with electrons or holes. Thus, irtrons.
the study of electron-conducting quantum-dot solids, the  The synthesis of the colloidal ZnO nanocrystals and the
number of electrons per quantum dot) in the assembly is preparation of the nanocrystal assemblies have been de-
a key parameter. Using an electrochemical transistor setugcribed elsewheréThe conductance was measured with the
with a film consisting of ZnO quantum dots, we have shownelectrochemical transistor setup placed in a liquid-helium
that(n) can be controlled by the electrochemical poterttfal, flow cryostat equipped with a sample heater to stabilize the
The electronic charge in the ZnO nanocrystals is compentemperature between 224 K and room temperature.
sated by ions present in the electrolyte solution that perme- The ability to accommodate electrons in the ZnO
ates the assembly. This principle of electrochemical gatingiuantum-dot assembly depends strongly on the nature of the
has also been demonstrated recently with other quantum-detectrolyte solution that is present in the pores. This is dem-
solids based on CdSe nanocrystalsong-range electron onstrated in Fig. 1, which shows the average electron number
transport in the nanocrystal assembly can be studied by mea-
suring the conductance in the linear response regime, i.e.,

12

between a source and drain electrode using a very small bias 500 _a water

(1-10 mV) such that the source-to-drain current through the 400~ Sthanol 10
guantum-dot assembly is proportional to the bias. For an 6:L ~-PC lg S
assembly of ZnO quantum dots, permeated with an aqueous = 3001 6 @
electrolyte solution, we have shown that there are two quan- £ 5004 2
tum regimes in the electron transpbif.the average electron o 4 %
number(n) is smaller than 2, electron transport occurs pre- 1007 -2
dominantly by tunneling between the atom-lilseorbitals, 0 — _lo
while tunneling betweeR orbitals prevails if(n) is above 2 00 01 02 03 04 05 06
and, hence, th& levels are completely occupied. Studies of accumulation potential (V)

long-range transport in the linear response regime form a

. - ~IG. 1. The electron charge injected into an assembly of ZnO quantum dots
valuable extension to transport studies under strongly nonZs a function of the accumulation potential of the assembly. The assembly

equilibrium conditions, e.g., with a large electric field over has peen permeated with an aqueous electrolyte sol(@i@M phosphate

the film and/or photoexcitation of charge carri&f§. buffer, pH=8) and with two organic solutions of ethanol and propylene
carbonate. The corresponding average number of electrons per quantum dot
(n) is obtained from the injected charge and the number of quantum dots in
dElectronic mail: d.a.m.vanmaekelbergh@phys.uu.nl the film (see Ref. &
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FIG. 2. The conductance of an assembly of ZnO quantum dots permeated (b) ethanol
with an ethanol electrolyte solution measured between a source and drain
electrode as a function of the accumulation potential. Inset: the calculated o .3
electron mobility as a function of the electron occupation number of the =107
quantum dots. 0?,
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, _ _ 107
(n) versus the accumulation potentiak., the electrochemi-

cal potential of the assembly referred to that at which elec- ———— T

tron injection starts The ZnO quantum-dot assembly was 8 40 421 /4;1- ?&“)48 50 52

permeated with an aqueous solution and subsequently with ®

ethanol and propylene carbonate solutibfr the aqueous FIG. 3. The source-drain conductance of an assembly of ZnO quantum dots

; ; permeated with a propylene carbonate electrolyte sollttg. 3a)] and
electrolyte solution, the average electron numl()a)s IS with an ethanol electrolyte solutidirig. 3(b)] as a function of KgT. The

roughly a factor of 2 Iarger than th?.t for the organic solutionSiesyits were obtained at different accumulation potentials and thus different
at the same accumulation potential. The results were repr@iectron occupation numbers. Figuré)3 from bottom-to-top(n) is 1.2,

ducib'e, and did not depend on the sequence of the exper:i_s, 1.8-, 2.2, and 3.0, respectively. Flgb)B(n> is0.8,1.2,1.7,2.0,and 3.5,
ments. Similar results were obtained with assemblies consisfgSPectivel:
ing of smaller or larger nanocrystals. Quenching of the
highest occupied molecular orbital-lowest unoccupied mofilms permeated with an aqueous electrolyte solutiam,
lecular orbital optical transition and transitions at higher en-sharp transition between transport \8aorbitals and viaP
ergy showed that the injected electrons occupy the delocabrbitals is not observed here.
ized atom-likeS and P orbitals, and that charge storage in Figure 3a) shows a plot of the logarithm of the conduc-
localized surface states is not importarftherefore, the re- tance versus k4T, measured with an assembly permeated
sults presented in Fig. 1 indicate that the strong decrease imith a propylene carbonate electrolyte solutiofihe data
the electronic capacitance of the porous nanocrystal eleawere acquired between 293 K and the freezing point of pro-
trodes upon replacement of the aqueous solution by an opylene carbonaté224 K). The results obtained below the
ganic one must be caused by an increase of the electrostafieezing point were not reproducible, probably due to dam-
charging energy per injected electron. age in the quantum dot film or at the contacts. The film
Figure 2 shows the electron conductaiigg, measured conductance is presented for different electron occupation
with a small source-drain biagl-10 m\j, for a ZnO numbers between 1.2 and 3. For a gier), the conduc-
guantum-dot assembly permeated with an ethanol electrolytiance increases exponentially with temperature. The thermal
solution as a function of the accumulation potential. The conactivation energy of electron conductance, obtained from the
ductance rises steeply as soon as electrons are injected irgtmpe of the IiGgy vs 1kgT plots, is 81 meV (5 meV) for
the assembly, and increases by four orders of magnituden)=1.2 and 101 meV fo{n)= 3. The results obtained with
when the electrochemical potential is increased to 0.5 Vassemblies permeated with an ethanol electrolyte sofution
Similar results have been obtained with films permeated wittare very similar[Fig. 3(b)]; the thermal activation energy
an aqueous and a propylene carbonate electrolyte solution. iraries from 100 meV(for (n)=0.8) to 122 meV (n)
accordance with the optical results, this shows that the in=23.5). Our results suggest that the thermal activation energy
jected electrons occupy delocalized conduction orbitals, nodf conductance increases slightly with increasing electron
localized surface states. The electron mobility can be obeccupation of the quantum dots in the assembly. We remark
tained from the measured conductance, the electron densihere that thermally activated electron transport was generally
in the film and the geometry of the transistor. A typical plot observed for ZnO quantum-dot assemblifes diameters of
of the electron mobility as a function of increasing average3.9, 4.3, and 5.0 njnpermeated with alrganic electrolyte
electron number is shown in the inset of Fig. 2: the mobilitysolution (e.g., ethanol and propylene carbonata contrast,
increases gradually with increasifg). Due to the size dis- ZnO assemblies permeated with @aqueouslectrolyte solu-
tribution of the nanocrystals in the assembly, there is a contion show a conductance which is independent of the tem-
siderable energy overlap in th® and P electron levels. perature in the accessible range between 273 and 310 K.
Transport occurs by tunneling betwe8Brorbitals at(n)<2 Thermally activated long-range charge carrier transport
and by tunneling betwees and P, andP andP orbitals at  has been observed in molecular cryst8iself-assembled su-

higher electron occupation. In contrast to ZnO nanocrystaperlattices of %olfj1 and cobaff® nanocrystals, and assem-
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blies of CdSe quantum dotsThe thermal activation energy with water, the conduction did not depend on the tempera-
obtained from the temperature dependence of the condutdre, which indicates that the charging energy is smaller than
tance varied between 10 and 200 meV depending on thkgT. This is in accordance with the result of the electron
system studied. The temperature dependence of the condurapacitance measured with ZnO quantum-dot assemblies
tance has been commonly attributed to electron—electron revhich show that in aqueous solvents the charging energy can
pulsion, i.e., Coulomb blockade. The thermal activation enbe neglected while it plays an important role in assemblies
ergy found in the conductance should then reflect thgpermeated with propylene carbonate or ethanol. The reason
electrostatic charging energy needed to add an electron tofar this difference remains unclear. We remark here that the
molecule, a metallic nanocrystal, or a semiconductor quandielectric constant of the ethan®4.3 and propylene car-
tum dot. bonate(64) electrolyte solutions is not very different from
We have observed that the electronic conductance of that of water(81). In addition, we have used solutions with a
ZnO quantum dot assembly permeated wittagneous elec- similar and high ionic strength in all cases. The only differ-
trolyte solutionis not thermally activated. This shows that ence between the aqueous and organic solutions is the proton
the energy mismatch between the conductojor P) levels  concentration. The buffered aqueous solution has a proton
of adjacent quantum dotsvhich is due to the dispersion in concentration of about I M, while the proton concentra-
size of the ZnO nanocrystals so small that it does not lead tion is much lower in the ethanol solution and practically
to a detectable temperature dependence of the conductaneero in the propylene carbonate solution. Perhaps, due to
Thus, by analogy, we can conclude that the strong temperdheir extremely small size, protons may play a special role in
ture dependence of the electron conductance observed ftre screening of the electronic charge in the ZnO quantum
assemblies permeated with an organic electrolyte solution idots. We suggest that in aqueous solutions the electron—
not due to inelastic tunneling caused by energy mismatch. klectron repulsion in a quantum dot is strongly screened by
is thus very likely that the thermally activated conductance igrotons adsorbed at the surface of the ZnO nanocrystals or
due do the repulsion between conduction electrons in a quairserted into the ZnO lattic®.
tum dot; i.e., Coulomb blockade of electron transport. In summary, we have presented evidence for a Coulomb
Further support for Coulomb blockade of electron trans-blockade of long-range electron transport in an assembly of
port is obtained by analyzing our results on the basis of aveakly coupled ZnO quantum dots where electron transport
theoretical model provided by BeenakRk&iThe model con-  occurs by non-coherent tunneling between adjacent quantum
siders electron transport through a single quantum dot endots.

bedded between a source and a drain electrode. The conduc- ) )
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