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Using scanning tunneling microscopy and spectroscopy we have studied both the geometric
distribution and the conduction properties of organic shell capped CdSe nanocrystals adsorbed on
hydrogen-passivated (300). At submonolayer concentrations, the nanocrystal distribution on the
surface was found to be highly nonhomogeneous, with an aggregation of most of the nanocrystals
into islands of monolayer thicknesk-V spectra collected on nanocrystals adsorbechoand

p-type substrates showed a strong difference in the conduction behavior, caused by the substrate:
CdSe nanocrystals an Si:H caused a widening of the surface band gap by 1 eV with respect to the
gap of the substrate, while a significant narrowing of the gap was observed for nanocrystals on
p-Si:H. This experimental result could be explained by modeling the system as a metal—insulator—
semiconductol(MIS) diode. Using this model we have found that the current through the MIS
junction is limited by the nanocrystals only in one bias direction, while in the other bias direction
the current is limited by the semiconducting substrate. This property may be of relevance for the
construction of hybrid electronic devices combining semiconductor electrodes with nanoscale
elements such as nanocrystals or organic molecules20@2 American Institute of Physics.

[DOI: 10.1063/1.1491016

I. INTRODUCTION ther that the nanocrystals could be positively charged by op-
Over the past decade, semiconductor nanocrystals witHcal excnatlpn. . .
: . For a wider use of semiconductor nanocrystals in elec-
diameters of a few nanometers have attracted much |nteref°,t : . . :
ronic devices, however, knowledge about their behavior

in the scientific community. This attention is based on the ; : : .
) : . . upon adsorption at semiconductor substrates is needed. Until
electronic properties of semiconductor nanocrystals, which : : .
) . . , ._now, the electrical properties of semiconductor nanocrystals
combine semiconductor properties with quantum size . . . .
12 . were usually studied on substrates with ohmic conduction
effects:“ As a consequence, semiconductor nanocrystals are

. . ; .~ behavior, like gold or indium tin oxiddTO). Self-assembl
of interest both for fundamental studies and for use in a wide 9 o d ) ) y
. . oo of nanocrystals from solution into semiconductor nanogaps
range of electronic and optoelectronic applications. Ex- ; ) L
) L Can may provide an attractive route for the fabrication of nano-
amples of electronic applications are tunnel diotidight-

T . . . electronic devices with nanocrystals as the functional ele-
emitting diodeg, and photovoltaic cell3.The sharp optical ; . . ;

) ment. This article therefore aims to study the electrical prop-
response of the nanocrystals also makes them suitable for . . -
“ e . . erties of nanocrystals deposited from solution onto silicon

color-coded” biological labeling®

Several attempts have been made to study the electronsubstra’tes with different doping properties. We have found

. - . IRat the substrate doping plays a crucial role in the tunnel
properties ofindividual semiconductor nanocrystals, both by spectra of nanocrystals. For a better understanding of the

optical measurements using scanning confocal micro§copy easured -V curves we have calculated the electron trans-

and by direct electrical approaches. Electrical measuremen_{gort through such a junction using the thermionic emission

have included nanocontact experiments using an atomi . . .
. . X o eory for metal—insulator—semiconduct®flS) diodes and
force microscopéAFM) with an electrically conducting tip, L
have compared it with the measured results.

nanogap experimenfsscanning tunneling microscopy;*®
and electrostatic force microscofly. Krauss and Brus
showed by AFM measurements that CdSe nanocrystald: EXPERIMENT

capped with an organic shell of m-octylphosphine oxide In this study we have used CdSe nanocrystals with a
(TOPO Lcan be distributed homogeneously on a polymer.q e giameter of 3.1 nm, possessing an organic passivation
surface'* Using electrical force microscopy they found fur- shell of tri-n-octylphosphine oxidéTOPO). This shell pre-
vents the nanocrystals from sticking together, and also iso-
dElectronic mail: kw@mic.dtu.dk lates them electrically. The preparation of the nanocrystals
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was performed following the method of Murrat al® as  measurements were done using a Rasterscope 4000 atomic
modified by Katari and coworker§.The nanocrystals were force microscopg AFM).1® This AFM was run in contact
stored in powder form under Natmosphere. Before use, mode, using soft 3N, cantilevers.

excess TOPO was removed by repeated sonification in dry

methanol followed by centrifugation. The nanocrystals were

then dried under Nflow and dissolved in toluene. Finally, !ll- IMAGING

the nanocrystal solution was filtered using a Ow4b syringe As a first step, we have collected STM pictures of the

filter to remove any particulate contamination. This final S0-hy4rogen-passivated silicon surface to detect the substrate
lution was stored in a Nenvironment in the dark to prevent q,ghness and its suitability as a substrate for nanocrystals of
oxidation until it was used for adsorption on the silicon sub-g 1, in diameter. The result was that even after the HF
strates. _ ) ) etching, the silicon wafers show a very low roughness, which

. For all experiments we gsed commerqally available,s |ess than 2 nm peak-to-peak il um cross section, with
highly doped Si100) wafers withn andp doping. The wa- long ripples only. This roughness is quite acceptable for the

fers were antimony and boron doped, respectively, with &jication of 3 nm nanocrystals, since they should be easily
resistivity of <0.025( cm each(supplied by Okmetic, Fin- distinguishable from the substrate.

land). Scanning tunneling spectroscof§TS studies were The next prerequisite for a collection of spectroscopy
performed on botm- andp-type substrates, whereas the de-yata at individual nanocrystals is an overview of the sample
tailed studies of nanocrystal distribution were carried outyiface and a selection of the particle for investigation.
only on then-type substrates. Before use, all substrates wergpgrefore we have taken overview images of the samples by
hydrogen-passivated by immersion in a 5% HF solution forscanning electron microscop$EM), followed by STM pic-
45 s, followed by a short rinse with deionized water. Sucly o5 at a smaller scale. For the SEM investigation, the
hydrogen-passivated silicon surfaces are hydroph9b|c a”?amples were produced as described, stored ungemahd
thus dry when taken out of the water. They can withstanqaged in the SEM within a few hours. Figure 1 shows such
oxidation at ambient conditions for some tiffewhich an overview of TOPO-capped CdSe nanocrystals pryme
makes it possible to prepare a cleafl80):H surface using  gj100:H substrate at different magnifications. Despite the
wet-chemical techniques, and subsequently to transfer it intgy )| amount of material adsorbed on the surface, leading to
ultrahigh vacuumUHV), without changing the passivation. |5\ materials contrast, the nanocrystal aggregates can be
The nanocrystals were deposited onto the passivated gjearly distinguished as bright areas against the dark back-
substrates from a dilute toluene solution. The samples Werg,,nq. it was not possible to resolve individual nanocrystals
made by applying a well-defined, microliter amount of this (although the instrument would have allowed}, ipossibly

nanocrystal solqtio_n onto the substrate at room temperaturge .5 se of charging effects and sample degradation at high
The amount of liquid was selected to be big enough to covef,agnifications. It can be seen that the nanocrystals do not
the whole substrate. The solvent evaporated within a fewistribute homogeneously over the surface, but form irregu-
seconds. After the deposition of the nanocrystals, thg,.y shaped agglomerates of a few microns in diameter, see
Samples were mountgd and'lnserted into UHV within 15 mln.FigS' ](b) and :KC)' similar to patterns observed in dendritic
Nanocrystal solutions with concentr_atlons of 0.25 mg/mlgrowth. The growth of agglomerates is consistent with a
and 0.005 mg/ml were used. Neglecting the effect of thegm gl energy of interaction between the nanocrystals and the
TOPO shell, the expected coveragean be estimated from - gy syrface. In addition, the drying process of the droplet
has left another, larger scale pattern: most of the nanocrystal
clusters are arranged in rings around the perimeter of the
drying droplet as shown in Fig.(4). This effect is well
known, e.g., from the drying of a drop of spilled coffee on a
wherec is the concentration of particles in toluené,the  table!® Recently, such a behavior has also been reported for
deposited volumep=5.81 g/ml the density of CdSé the  nanocrystals on glass substrat®s.
sample surface ared=3.1nm the diameter of the nanoc- Figure 2 shows STM images of a sample which was
rystals, andy a geometric factor which equals 1 if we con- prepared using 2l of the 0.005 mg/ml solution. Using this
sider the nanocrystals to be small cubes and 1.5 if we cormmount of material, we expect a nanocrystal density which is
sider their spherical shape. Using the more dilute solutiorfive times smaller than the one used in the SEM images.
with ¢=0.005mg/ml, V=10ul, A=6X6 mn?, and g Indeed, on such samples it takes some time to find nanocrys-
=1.5, the estimated particle densiyn the surface is about tals within the STM’s scan range. Once they are found, three
12%, corresponding to about 150 particles in an area of 10different areas can be recognized, as shown in K. A)
%100 nnf. shows the bare substrate, with a very low density of nano-
All scanning tunneling microscopyYSTM) measure- crystals. (B) shows an area of well-packed nanocrystals,
ments were carried out with a room temperature UHVwhere individual nanocrystals cannot be resolved due to the
STM.28 We have used electrochemically etched tungsten tipslunt STM tip, which has a radius of curvature of about 20
which were cleaned in 5% hydrofluoric acid immediately nm. (C) shows an intermediate area, where the nanocrystal
before insertion into UHV to remove tungsten oxide from thedistribution is rather homogeneous, so that features due to
tip. Scanning electron micrographs were made using a LEGndividual nanocrystals or small nanocrystal agglomerates
1530 FEG scanning electron microscope. Some additionalan be resolved. Cross-section topography measurements re-

_ cV !
f—mg, (1)
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FIG. 2. (a) Si(100:H surface with CdSe nanocrysals, 50800 nnf. The
letters A—C mark the different typical area@) shows a 108100 nnf
zoom into area C. Tunnel spectra were collected over small, clearly distin-
guishable particles. Both imagdd;=—2.5V, |=—100 pA, height scale

10 nm.

AFM measurements with much bigger scan siagsto
20x20 um?) confirmed the formation of such agglomerates.
These measurements also show that the particles can be
moved around the substrate by forces<df nN, using con-
tact mode AFM, consistent with weak binding of the par-
ticles to the surface. We do not believe, however, that the
inhomogeneous particle distribution observed in the scan-
ning probe measurements is due to the tip pushing isolated
FIG. 1. Scanning electron micrograph of 1%i0):H surface with an adsor- particles into agglomerates. S_mce isolated nanocrystals are
bate of nominally 0.12 monolayer CdSe nanocrystals at different magnifi/10t observed either in AFM with normal forces as small as
cations. 0.1 nN, nor in STM with tunnel currents50 pA, we are

confident that the observed distribution is representative of

the distribution immediately after deposition. Low-
veal a structure height of typically 4 nm, indicating a pre-temperature STM may in the future provide further informa-
ferred monolayer coverage of the surface. We find that théion about nanocrystal motion on the substrate. For nanoscale
pattern of surface coverage seen here is typical for a numbelevices fabricated and operated at room temperature, it is
of different samples on Si:H, including both00) and(111)  likely that nanocrystal agglomeration will be important in
surfaces. determining the final particle distribution on Si:H surfaces.
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Also, then- andp-type substrates give very different results.
With the n-type substrate the spectrum shows a clear gap, as
i 1 on the bare substrate, however, it is much wider. The gap
s widens at positive sample bias to give a total gap width of
S 1 3.1 eV, ranging from—1.1 to 2.0 eV. Withp-doped sub-
N strates, however, we observe completely differértv
’ / (@) 1 curves with a strong rectification. For the tip—sample dis-
AL i it
2

—
o

Tunnel current (nA)
=]

001}
£ 5 . . - 3 tance given by the feedback values mentioned above, therg is
Sample bias (V) only a very small gap. If the current and voltage setpoint is
10 . . . . . changed, e.g., to 3.0V, 100 pA, so that the tip moves signifi-
—_ - - -p-Si-H substrate , cantly away from the sample, then even clearer diode char-
T [ T vitnaoarysils L] acteristics are observed. The current rises uniformly with
‘g P positive bias, and there is no detectable current at negative
] ! ] bias(up to =5 V).
o ’
: :
i . v, Py 0 - O] V. MODEL CALCULATIONS
3 2 -1 0 1 2 3 . . . . .
Sample bias (V) In this section we will analyze the spectroscopic data in

terms of a simple theoretical model based on thermionic

FIG. 3. 1-V spectra collected orta) n-type and(b) p-type S(100:H  emission theory for metal—insulator—semiconductiiS)
samples, without and with CdSe nanocrystals applied. Identical sampleg. 2 e . .
were measured before and after nanocrystal self-assembly, using the sarﬁéOdesz' We will first introduce the model by calculating the

tip. In all cases, the feedback setpoint wa2.5 V, 0.1 nA. The spectrawere | —V characteristics of the bare S(+00) surface, and after-
averaged over 20 successive curves without further filtering or selection. wards extend the model to take into account the effect of
nanocrystals on the surface.

Figure Zb) shows a magnified image of the arg) of  A. /-V characteristics of the bare substrate
Fig. 2(@). The nanocrystals appear broader than expected,
which is caused by the blunt shape of the STM tip. Thes
regions were used for the collection of tunnel spectra.

In the following we will neglect the geometry of the
ST™ tip and model the STM—semiconductor interface as an
MIS diode. A similar model has previously successfully been
used in Ref. 23 to describe STS data op-type WS sur-
face. Materials parameters for silicon are taken from %ze,
Local I -V spectra were collected on top of the nanoc-and we model the tip as a tungsten surface with an area of 1
rystals in the intermediate density regifiype (C) in Fig.  nnm?. We thus neglect the shape of the tip in modeling the
2(a)]. These areas are closest to the ideal case of isolatealectrostatic potential, and we might therefore slightly over-
nanocrystals. The spectra were collected at room temperatuestimate the bandbending effects. Since we do not know the
during a short interrupt in the feedback loop. Thus the tip—exact shape of the tip there is some uncertainty in the tip
sample distance is held constant. For reasons of comparabikork function, and we will use the value which gives the
ity, we have chosen the same current and voltage setpoilest agreement with the experimental data. We find that an
conditions for all spectra shown:2.5 V sample bias and optimal value isW;;,=4.75 eV which is slightly larger than
—100 pA tunnel current. The curves shown in Fig. 3 havethe work function of the W111) surface(4.55 e\j. The pa-
been acquired by averaging over 20 individual curves. Thisameters of the model are summarized in Ref. 24.
averaging reduced the noise in the spectra, while not chang- Figures 4a) and 4b) show the results of the model for
ing the essential features. n-type andp-type substrates, respectively, with a tip—sample
Figure 3a) shows the tunneling spectrum for a freshly distance of 0.6 nm. In the case of thdype substrate we see
passivatedh-type S(100:H surface(dashed lingin a region  that the model overestimates the current at negative bias,
where no nanocrystals are present. We observe a clear gaphile the current is underestimated at positive bias. The
between—1.1 and 1.0 eV. In case of thetype substrate, we slope of thel -V curves agrees well with the measured data,
observe a similar behavidsee Fig. 8), dashed ling al- however, the jump in the current at 1.3 V is not observed in
though the gap is somewhat smaller. This is consistent witlthe experimental data. Betweer0.8 and 0.4 V the current
previous measurements on the(13i):H surface?’ Since  becomes very small, since at these biases the Fermi level of
hydrogen-passivated silicon possesses no surface states dhe tip enters the band gap of silicon. In this bias regime, the
might expect a gap identical to the bulk band gap of Sicurrent cannot be measured reliably by the STM, since the
which is 1.16 eV. In fact, the measured band gaps are apioise level of the instrument at the given conditions is 0.03
proximately twice this value due to band bending in the subnA.
strate caused by the electric field of the STM tip. The dashed line in Fig.(8) shows the current carried by
The solid lines in Figs. @) and 3b) show thel-V holes, which are the majority carriers in the substrate. At
spectra measured on the same substrates, but over nanocrgegative bias the substrate enters the inversion regime and
tals. It is obvious that the adsorption of the nanocrystals hathe simple thermionic emission theory predicts that the main
drastically changed the conduction behavior of the samplegart of the current is due to the minority carrié¢edectrons.

IV. TUNNELING SPECTROSCOPY
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n-type

Tunnel Current (nA)

ol | ¢ STSdata /
10" 7| == electron current / (a) T
12| [ = total current 4 _
10 1 I 1 | 1 }—-,I | 1 | 1
3 2 -1 0 1 2 3 Z
Sample Bias (v)
—_ FIG. 5. MIS interface with CdSe nanocrystals piiype silicon.
g
E is expected to be approximately 0.2 €ignificantly greater
O thankT at room temperatujethis is a major limitation in
Té o e STS data our model. Nevertheless, we expect to be able to reproduce
5 10 17| == hole current (b) the basic features of the interaction between the nanocrystals
| =T — total current .
w'rY/—T 71T ., 1 11 T and the semiconductor substrate.
3 -2 -1 o 1 2 3 To obtain the relation between the silicon band bending,
Sample Bias (V)

¢, and the sample biay/,, we note that they are related

FIG. 4. Comparison of measured and calculdtel spectra for(a) n-type through the electric field in vacuurk, by
and (b) p-type hydrogen passivated silicon. The horizontal lines show the _
experimental noise level. Wi+ Vp=Ws+ ¢(E) + 2Edtop0/ €topo

+Edcgse €caset E. (2

The low current observed in the experiment compared to théhe material parameters for CdSe are given in Ref. 25. From
theory may be due to inefficient transport of minority carriersFig. 5 we see that the electric field gives rise to a shift of the
to the surface. It is likely that the surface is not in equilib- nanocrystal HOMO and LUMO levels relative to the semi-
rium with the bulk chemical potential in this regime, leading conductor Fermi levek? . The shift is given by
to a smaller current than predicted by the model. s_ 0 s
E)—er= —€ep+ P(E)+ Edigpe/

For then-type sample the slopes of theV curves are evomol B) ~ €F = €riomo~ F + #(E) topo’ €topo
in reasonable agreement with the experimental data, how- + 3Edcyse €cdse (3
ever, _the gbsolute value o_f the current_l_s ovgrestlmated athere EEiOMO_ €2 is the position of the HOMO relative to
negative bias and underestimated at positive bias. In the voli- ! . 1

. . . L he semiconductor Fermi level f&=0. The factor of; on

age regime from-0.5 to 0.7 V, the tip Fermi level is within

the silicon band gap, and the current is therefore too small t(t)he last term arises since we assume that the nanocrystal

be measurable. In this case it is the holes which are theréesr(gaylfveerls {2”?:\?/ tshta(ﬁa;vzrr?geqi)e cxgsglgv\t)itﬁgtlgil;;the
minority carriers, and the surface enters the inversion regimge endext .osition% 6f the levels for thavpe ando-tvoe
at positive bias. Similar to thp-type sample we believe that P P . ype andp-typ

L N . . . substrates, respectively. We see that at zero bias the HOMO
within our model the minority current is overestimated in the: ™ ¢ - )
inversion regime, however, for thetype sample the hole is slightly below the silicon valence band, while the LUMO

gime, ) P P is more than 1 eV above the conduction band. The region

current contributes very little to the total current at Iargebetvveen the dashed lines is the bias window. and the main
positive biases. ’

contribution to the electron current comes from electronic
states in this region. From this we see that the HOMO level
is most important for the electron transport.
We next calculate the thermionic current, assuming that
We now extend the one-dimensional MIS model to in-the electrons have to propagate via electronic states in the
clude the effects of the nanocrystals. In Fig. 5 we sketch ounanocrystal, rather than tunneling direct from substrate to tip.
MIS model, with nanocrystals separated from the semiconA simple WKB estimate of the direct tunneling current
ductor substrate by the TOPO layer, and from the tip by theshows that this assumption is justified.
TOPO and a vacuum gap. In this simple model we use real- In Figs. 1a) and 1b) we show the results of our model
istic values for the positions of the HOMO and LUMO levels for the n- andp-type substrates, respectively. Since the abso-
in the nanocrystal, but we treat the density of states using alute tip—sample distance is not experimentally measurable
effective mass approximation. We thus neglect the effect ohnd might be different for the@- and p-type substrates, we
discrete energy levels due to electron confinement, and dfmund that our model gives the best agreement with the ex-
not expect to be able to reproduce features due to resonapérimental data if we use a tip—nanocrystal distancel of
tunneling processes. We also neglect the charging energy ef 0.5 nm for then-type substrate and=0 nm for thep-type
the CdSe particle, so our model will not show Coulombsubstratdcorresponding to the tip in contact with the TOPO
blockade effects. Since the charging energy of our particlelayer. For thep-type substrate the model agrees well with

B. /- V characteristics of the substrate
with nanocrystals
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e— g, eV)

HOMO

p-type
with CdSe
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0
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Sample Bias (V)

FIG. 6. Thin lines: position of the surface valence and conduction bancFhe substrate must t_)e taken into accoun_t' T_he measured YOlt_
edges relative to the bulk band edges as a function of sample bias for a MI8J€ therefore contains a component which is due to the field
interface between tungsten and silicon, with CdSe nanocrystal in the insuwithin the substrate. This makes it harder to resolve Cou-

lator region.(a) n-type and(b) p-type silicon. Thick lines: position of the
CdSe HOMO and LUMO levels. Dashed lines: sample and tip Fermi levels.

Walzer et al. 1439

model. For then-type substrate the situation is reversed, with
the current overestimated at positive bias. In both cases the
discrepancies are found in the inversion regime, where the
model predicts a high current of minority carriers which is
not found in the STS data. We believe that this discrepancy
may be due to the crudeness of the thermionic emission
theory, which does not account for nonequilibrium effects in
the inversion regime. These effects are associated with poor
transport of minority carriers to the surface, leading to a
lower density of surface carriers than predicted in our model.
Our results show that the use of a doped semiconductor
substrate as opposed to a metal causes major differences in
the measured electrical transport through the nanocrystals.
On a metal substrate, the electronic properties of the nano-
crystal dominate, and it is possible directly to measure the
band gap of the particle and to resolve features due to Cou-
lomb blockade and resonant tunneling effects. In our mea-
surements, however, we cannot clearly identify features due
to these effects at room temperature. Our modeling has
shown that to understand the properties of nanocrystals on a
semiconductor substrate, the effects of band-bending within

lomb blockade and resonant tunneling effects in our mea-

Dotted horizontal lines: valence and conduction band edges in the bulk o§urements' The presence of other nanocryStals surroundlng

the sample.

the particle under investigation may also obscure these ef-
fects. We note that interesting features, including negative
differential resistance, are seen in the current—voltage char-

the STS data at positive sample bias. The large currents seggteristics of resonant tunneling diodes where a system with
here in the accumulation regime at positive bias are consisgiscrete quantum-confined energy levels is separated from
tent with the good alignment between the nanocrystaheayily doped semiconducting leads by tunnel bariis.

HOMO level and the silicon valence band. At negative bi-the future, it might be possible to reproduce these effects in
ases, however, the current is greatly overestimated in thgyr STM measurements by using substrates with higher dop-

<
=
=]
L 6
e
B 109 with CdSe
é 102 e STS data ]
£ .l |— Model d=5A (a)_
10 PR IR R U P B
3 2 1 0 1 2 3
Sample Bias (V)

C

10
10°~
101

£

]

=]

p-type

Tunnel Current (nA)

10 with CdSe ]
10°F ¥ =
1% AN / -
6| ° STSdata _
10 Model d=0A (b)
10 PR R R T I A
3 2 -1 ) 1 2 3
Sample Bias (V)

FIG. 7. Comparison of measured and calculdte¥ spectra for(a) n-type
and (b) p-type H-passivated silicon with adsorbed CdSe nanocrystats of
=3 nm diameter. The experimental data were collected20 V, 0.1 nA
(circles. The horizontal lines represent the noise level of the STM.

ing levels.

VI. CONCLUSIONS

We have studied the properties of monodisperse, TOPO-
capped CdSe nanocrystals deposited at submonolayer cover-
age on hydrogen-passivated silicon substrates. SEM and
STM measurements show that the particles tend to agglom-
erate into relatively close-packed domains of monolayer
thickness. Reproducible tunnel spectra could be measured on
top of identifiable individual nanocrystals within these do-
mains. Tunnel spectra of nanocrystals with a diameter of 3
nm showed a 3.1 eV wide conductance gap when deposited
to hydrogen-passivatatttype silicon, whereas there was no
conductance gap oprtype substrates. The basic features of
our measurements can be reproduced by a simple thermionic
emission model which includes the effects of band-bending
in the substrate. It is important to take these semiconductor
substrate effects into account in the design of future nano-
electronic devices where nanocrystals or conjugated mol-
ecules might be combined with semiconducting electrodes.
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