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Identification of surface states on individual CdSe quantum dots
by room-temperature conductance spectroscopy
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We describe the direct observation of surface states on individual CdSe quantum dots by conductive scan-
ning force spectroscopy at room temperature and the dependence of these states on size quantization and
humidity conditions. Peaks corresponding to surface states that lie within the gap appear at both voltage
polarities after exposing the sample to dry nitrogen, but disappear after exposure to moist air. The effect is
reversible, indicating that the surface states are passivated by adsorbed water. This directly observed passiva-
tion correlates with that inferred from previous optical measurements.
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As the size of a semiconductor quantum d@D) de- tially covered by aggregates of QD’s.
creases below a limiting value, associated with its exciton Using a scanning force microscopAFM) with a con-
Bohr radius, its energy band structure changes. The band gajucting tip (Au/Pd alloy coating, evaporated onto silicon or
increases and the electronic states open up from a continuusilicon nitride AFM tip9, and the force between tip and sur-
to a ladder of discrete, quantized energy statBecreasing face as feedback control, conductivity and current-voltage
size also implies an increase in the surface-to-volume ratio ispectroscopy characteristics were obtained at contact. Previ-
the quantum dot:n a 5 nmdiameter dot, about every third ously, we were able to measure, using this technique, the
atom will be located at the surface, hence surface defects armhnd gaps of isolated CdSe QD’s and to observe single elec-
dangling bonds are expected to play an increasing role. Urtron tunneling at room temperature into the db&nd sub-
saturated surface atoms were found even in surface-cappsdquently extended the technique, using low-temperature
CdSe quantum dots, wusing x-ray photoelectronscanning tunneling microscopy, to correlate directly energy
spectroscopy, and in CdSe(Ref. 3 and CdSe(Ref. 4 structure and charging features with QD si2e.
nanocrystals using nuclear magnetic resonance spectroscopy.A current-voltage spectrum obtained at normal ambient
It is not surprising, therefore, that a large number of opticalconditions, i.e., in humid air at room temperature, is shown
processes have been assigned to surface-induced effectsiinFig. 1(a). The zero-current region in the spectrum corre-
QD's5® sponds to the band gap of the d&t’ plus the charging

Recently, a sub-bandgap response in CdSe QD films wasnergyE.=e?/C, whereC is the effective capacitance of the
detected using surface photovoltage spectroscopy and th@D.}* In large dots, due to their relatively large capacitance,
ambient atmosphere was found to determine the photovolthis energy is negligible at room temperature. In the present
age direction due to interaction of water vapor with surfacesystem, since the CdSe QD’s are very smgl, must be
trapst® Water vapor was also found to quench the sub-aken into account as it is typically ca. 0.2 eV. Hence, current
bandgap photoluminescence attributed to surface states in tfiews in the system only when there is resonance between
same CdSe films and to enhance tblese t9 band-to-band the tip filled band and the quantized energy levels of the
recombinatiort! Here we describe direct room-temperaturenanocrystal, and the tip has acquired enough energy to over-
observation, using scanning force spectroscopy, of surfaceome this charging energy. THéV curve is approximately
states in CdSe QD’s, electrochemically and chemically desymmetric with respect to zero bias, i.e., current onset begins
posited on gold, and show their dependence on quantum dat ca. the same magnitude of the bias in both bias directions,
size and on atmospheric humidity conditions. indicating a midgap Fermi levéf The structure in the region

Epitaxially oriented CdSe nanocrystétgpically 4-5 nm  of current flow, clearly apparent in the positive sample bias
diametey were cathodically electrodeposited at 90 °C from apolarity, has been attributed to the Coulomb blockade
dimethylsulfoxide solution containing 50 mM QdO,), and  effect!® No features are seen within the gap under these
saturated with elemental Se, onto evaporafédl} textured conditions.
gold on mica. Exact deposition conditions, yielding isolated The situation is strikingly different when the spectrum is
dots on the gold surface, are described elsewlfe@dSe taken after exposing the sample to dry nitrogen for several
QD’s (ca. 3—4 nm diametgmwere chemically deposited onto hours. In most samples, peaks that lie within the zero current
gold from a solution containing 110 mM sodium nitrilotriac- gap appear at both polarities, as seen in Fig).IThe cur-
etate and 80 mM cadmium sulfate, adjusting the pH to ca. 8ent in each peak flows according to voltage polarity i.e., the
using potassium hydroxide solution, then following the addi-current has the same sign as the applied bias. In some cases,
tion of 80 mM of sodium selenosulfate, adjusting the finalonly one peak was present, with no preference for a specific
pH to 101® Subsequent to the appearance of color in thepolarity. It is important to note that this effect was reversible
originally colorless solution, evaporated gold-on-mica sub-upon changing humidity conditions: when the sample was
strates were introduced into the solution and the system wasxposed again to moist air, no peaks within the zero-current
kept in a constant temperature bath at 5 °C for 20 min. Transgap appeared in the spectra. Not all the spectra obtained
mission electron microscopy showed that the Au was parunder dry conditions were symmetric with respect to zero
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/ FIG. 2. Positions of the “conduction’{upper diamondsand
10 (b) “valence” (lower diamonds levels and the centers of the corre-
’ / sponding surface state pedkpper and lower circles, respectively
Q F from 20 different spectra as a function of dot diameter, the latter
=) j estimated from Ref. 22. Some of the spectra were corrected for
2 0 o asymmetry variationgsee text The real band gaps were probably
g / slightly higher(<0.1 eV) than the zero-current region valsee
3 / text).
-10f to be at a lower absolute value of voltage than that measured
- / in the spectra From our previous studies, the charging en-
. ergy adds typically 0.2 eV to the band gapeasured from
0k I the first charging peakthe onset at each polarity therefore
2 - 0 1 3 moves ca. 0.1 V. For larger quantum dots, this value is less

and for smaller ones, greater: we have used values between

Sample bias (V) 0.06 to 0.15 V depending on sizestimated from the zero-
FIG. 1. Current-voltage spectra of a CdSe quantum dot at norgrrent gap

mal ambient conditionga) and of another dot on the same sample
after exposing the sample to dry nitrogen for several hdbys
Thermal drift precluded obtaining both spectra on the same QD.

The zero-current region is an indication of band gap, al-
though not necessarily identical to it. In principle, band gap
can be measured by subtracting the charging energy from the
energy difference in current onset pediather than the cur-
bias. While most of the symmetricalV curves exhibited rent onset itse)fin the conductivity spectré. This was not
two peaks, in most of the asymmetric spectra, only one peallone here since both these peak positions, and also the
was present, with no obvious correlation to the direction ofcharging energy, were often ambiguous or even not measur-
the asymmetry. able. The current onset, on the other hand, was more easily

The fact that surface state peaks, rather than steps, ameasured. We have noted in general that the zero-current gap
seen in the current-voltage spectra is an example of negatiwealue (for spectra where there are no surface sjateslose
differential conductivity(NDC). NDC has been observed in to the band gap measured by subtracting half the charging
many systems. In the present case, it could be explained bnergy from the first conductivity peaks at both polarities. In
filling of surface states: when these states are full, no moréhe present case, where charging of surface states is taken
current can flow until the tip Fermi level moves abdbe-  into account, this will add a further charging energy which
low) the conductiorn(valence level. should be subtracted from the zero-current region to give the

In order to map the position of the surface states withband gap, and this has been done in Fig. 2. Since the same
respect to the delocalized levels, we have taken 20 currentharging energies are used to adjust both surface state posi-
voltage spectra and plotted the peak positions of the surfadéns and those of the delocalized levels, this adjustment
states together with the positions of the delocalized levelsloes not affect the measurement of the depth of the various
(Fig. 2) and plotted them against the zero-current ¢éqg  surface state@he parameter which interests us in particular
energy between the onsetsot the surface state peakat  We should note that it is assumed that only one electron is
both polarities. To do this, we have taken several points int@dded to(removed from the surface states at any time: if
consideration. many different states were filled, the zero-current region

The positions of the surface state peaks have been a&vould be much larger than measured.
justed for charging energyvhich will cause the real position When necessary, the spectra were corrected for asymme-

081303-2



RAPID COMMUNICATIONS

IDENTIFICATION OF SURFACE STATES ON.. .. PHYSICAL REVIEW B3 081303R)
try variations so that the data could be presented on a uni- 4 b B

form energy scale. This manipulation causes the band edges /

to move symmetrically on the energy scale with change of /

size. From the infinite barrier effective mass picture, the con- * /

duction edge is expected to move mdbg a factor of about

3) than the valence edge due to the lower effective mass of |

electrons compared with holes. A more realistic finite barrier I

calculation will reduce this factor. From a more accurate | /
[

tight-binding modef! the relative shift is about a factor of 19V 200y
1.5 for the size regime involved in this study. In addition, it / '
should be kept in mind that the QD diameter was determined 1.52 eV

from the estimated band gap. For these reasons, no interpre- [

tations should be drawn from the band edges vs QD size. |

However, since our main concern is with the positions of the |

gap states relative to the band edges, this procedure is justi- +

fied. 7
The zero-current region, taken for the purpose as the band

gap, was correlated with the expected crystal size evaluated

from the room-temperature experimental data of Murray Y

et al?? for wurtzite CdSe. This is shown on the top scale of ,

the x-axis. This correlation gives a distribution with most of FIG. 3. Energy diagram of the surface states and delocalized

th.e crystals between 3 and 6 nm in reasonable agregme@(/els for ca. 4 nm quantum dots. This was constructed using aver-
with our previous measuremeritthe zero-current region s age values of the delocalized levels and of the surface Statests
probably slightly smalletby less than 0.1 eMhan the band 50 center of statpdrom different samplessee text
gap.

All of the samples in Fig. 2 are electrodeposited CdSemoderately small extent for the conduction polarity and little,
except for onéthe one with a zero-current region ca. 2.Y,V if at all, for the valence polarity.
which is chemically depositeCD). CD samples are more In order to correlate these results with previous optical
difficult to measure than electrodeposited ones, since thegpectral studies of surface states on 4.5 nm chemically de-
are usually strongly aggregated and two or more crystals iposited CdSe quantum datsand gap ca. 2.2 eYthe aver-
series are usually measured. This results in additional graiages of the gap-state positions relative to the conduction or
boundary barriers and therefore large zero-current regiongalence levelgthe onset of the gap states closest to the band
due to these barriefé.However, it was important to verify edge, the center state position and the far edge pokitiere
that the surface states measured here occur also on the Galculated for all the samples with a zero-current region be-
samples, since previous optical spectral measurements wittveen 2.1 and 2.3 e\(9 samples This gives an average
which the present results are correlated below were carriedicture of the shapes of the gap states and their positions
out on CD samples. We note that the CD samples areelative to the delocalized levels for a 2.2 eV band gap. A
sphalerite structure with a slightly higher band géy ca. band gap of 2.2 eV was used for this construction since this
0.07 eV than the electrodeposited wurtzite crystals of theis the approximate band gap of the samples to be discussed
same nominal size. The similar results obtained frombelow. This energy diagram is shown in Fig. 3, together with
samples prepared by two different methods and with differthe energies of some transitions.
ent surface chemistries means that they may be expected to Previous photoluminescencéPL) measurements of
be at least somewhat general rather than very specificallghemically deposited CdSe nanocrystallitds-5 nm in a
sample dependent. water-free atmosphere showed a PL band in the red-near-

The separation between the peaks of the gap states and tinérared region with the band center located at 1.6 eV, about
respective delocalized levelas approximated by the current 0.6 eV below the corresponding absorption edge. Only a
onset in the spectfas ca. 0.4 eV for the conduction levels very small signal corresponding to a band-to-band emission
(we use the term conductiofr valence “level” since in  was observed. Light intensity and temperature dependent PL
quantum dots, the bands have not yet develpped ca. 0.3  studies indicated that this deep emission band was character-
eV for the valence levels. These separations show smaistic of a donor-acceptor recombinatibhlt was deduced
variations with crystal size; however, in view of the large that this band corresponds to a recombination between an
scatter in gap state positions, particularly those near the valectron, trapped at a shallow surface state and a hole,
lence levels, these variations are not very meaningful, at leastapped at a deeper surface state. The fact that these states
for the valence polarity. For the gap states near the conduavere located at the surface and were not interior states was
tion levels, line fitting gives a shift of 80 meV away from the evidenced by the asymmetric nature of optically detected
conduction level for the small dots compared to the largemagnetic resonance spectfa.
ones. Localized states are expected to shift less than the band The effect of water adsorption was to shift the dominant
edges with decreasing dot si2é¢o an extent depending on PL emission to higher energies corresponding essentially to a
the depth of the state. In our measurements, this is seen to(aea) band-to-band emission with only a small contribution

Ey
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from trapped carrier recombinatioh. vious interpretation of the SPV and, more radically, the PL
Surface photovoltagé€SPV) measurements on CdSe films results. We had previously concluded, from_thg PL and SPV
similar to those used for the above PL measurements showgdeasurements, that the surface state energies involved a deep
a similar effect of water vapor on the spectfdn the pres- state ca. 0.6 eV from the valence level and a shallow one
ence of water vapor, only a band-to-band absorption at 2.0.1 eV from the conduction level. This was based on an
eV was observed. In the absence of watdry N, or  a@ssumed much larger shift<3) of conduction level than
vacuunj, the SPV signal showed a well-defined onset at cavalence level and the expectation that relatively deep levels
1.8 eV (a weak, very gradual onset could be discerned start¥ould move much less than the delocalized ones upon quan-
ing at 1.5-1.6 ey, This signal was attributed to promotion tization. As discussed above, both these effects appear to be
of electrons from relatively deep hole traps to the conductiod"uch less than we had previously expected. The mapping of
band states from the present studies can be successfully correlated
Th.e emission from thécenters of the gap state close to with the previous results of both the PL and SPV studies.

. e In conclusion, we have observed surface states within the
the conduction level to that close to the valence level in Fig, . - 4 gap of CdSe nanocrystals under water-free conditions
3 is 1.5 eV compared with 1.6 eV measured from the PLy,q monitored the depths of these states as a function of

spectra. The PL emission will be somewhat blue-shifted dugysia size. The results were compared with luminescence
to Coulomb interaction between the trapped electron and 4 syrface photovoltage measurements. The similar effect
hole, which means that the energy separation between th& \yater vapor on both the current-voltage and optical spec-
two traps will be somewnhat lower than the 1.6 eV measuredyoscopies indicates that the same surface states are involved.
The absorption transition from theeenter of th¢ gap  gcanning probe spectroscopy is a unique method of observ-
state above the valence level to the conduction level is 1'9919 the effect of surface states on the optoelectronic proper-

eV: this is compared with ca. 1.8 eV measured for this transjeg of QD's, as studies up to date were based mainly on
sition from the SPS measurements. The very weak onset inticaI rathe’r than electrical techniques.

the SPV spectrungstarting at ca. 1.5—1.6 e\fmight be due
to transitions between the gap stateé$ eV in Fig. 3 which This work was supported by the Israel Ministry of Sci-

would be expected to be weak. ence, Contract No. 8461-1-98 and by the United States Israel
The present results require some reassessment of our pi@inational Science Foundation.
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