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Abstract: 5-Cul nanocrystallites (NCs) are synthesized on the atomically smooth graphite basal plane surface using
a new hybrid electrochemical/chemical (E/C) method. This method involves the following steps: (1) electrochemical
deposition of copper NCs onto an electrode surface, (2) electrochemical oxidation of these copper NCs to yield
Cuw0, and (3) displacement of oxygen in L by iodide in an aqueous KI solution. Dispersions of Cul NCs
having mean diameters ranging from 10 to 180 A were prepared using the E/C method. Selected-area electron
diffraction analysis reveals thgi-Cul NCs are obtained; these NCs are epitaxially aligned with the hexagonal
periodicity of the graphite surface, as are the@precursor particles. For samples of supported Cul NCs having

a mean particle height of25 A, individual NCs were well-separated from one another on the graphite surface and
were narrowly dispersed in height. Photoluminescence spectroscopic analysis showed a strong, room temperature
emission at an energy corresponding to the band gap. As the crystallite diameter was reduced from 180 A to 13 A,
the energy of this emission shifted from the macroscopic value of 2.92 e\8104 eV, in good agreement with the
predictions of the effective mass, strong confinement model.

I. Introduction by MBE and CVD cannot readily be adjusted because it depends
on factors intrinsic to the interface which is obtained upon
deposition such as the lattice mismatch between the deposited
material and the substrate. The epitaxial electrodeposition of
semiconductor nanocrystallites has recently been accomplished
for the first time by Hodes, Rubinstein, and co-work¥rs,
These workers have epitaxially grown high-quality, wurtzite
CdSe nanocrystallites on Au(111) surfaces by galvanostatic
' deposition. Like MBE-based syntheses, it has been demon-
strated that the interfacial strain energy determines the nano-
crystallite diametet? and for CdSe nanocrystals deposited using
this method, a quantum confinement based increase of the band

In recent years, the size-dependent physical properties
exhibited by semiconductor nanocrystallites (NCs) have been
extensively studied-® To date, most experimental data per-
taining to the electronic properties of semiconductor NCs has
been obtained via spectroscopic investigationsusfpensions
of NCs in a variety of media. But while suspensions of
semiconductor NCs are convenient for optical investigations
future technological applications are likely to require the
immobilization of NCs on the surfaces of conductors or
semiconductors. Previously, this immobilization has been

accomplished using either of two general strategies: The first gap has been observed for particles with a diamgters0 A

is the transferral of semiconductor NCs from a suspension to A 1sing an atomic force microscope (AEM) based cu tage
surface; the second involves the direct synthesis of semiconduc- 9 P 9

tor NCs on a surface of interest. spectrgscopﬁ@ . . )
Previously, the direct synthesis of semiconductor nanocrystals 'r;]th'i Paper, ﬁ r:jeva hybrid elgctrochemlcal(/jchem@al (Zence-

on surfaces has been accomplished using both molecular beani®'® E/C) method for preparing supported semiconductor

epitaxy (MBE) and chemical vapor deposition (CVD) based nanocrystallites is described. The E/C method involves three

methods. Examples include the MBE “self-organized” growth diScrete steps, as shown_sche_matlcally in Figure 15t@ul,

of InAs islands on GaXsand InP islands on Galfrnd the the mg_terlal of interest in this paper: (1) electrochemical

Stranski-Krastanov CVD growth of SiGe islands on®3i. deposition of copper nanocrystallites on the surface of an

However in general, the average diameter of NCs synthesizedeleCtrOde’ (2) electrochemical oxidation of copper nanocrystal-
lites to cubic CyO, and (3) displacement of the oxygen in the

* Address correspondence to this author at rmpenner@uci.edu. CwO by iodide in an aqueous potassium iodide solution to
! University of California. obtain semiconducting-Cul nanocrystallites. In contrast to
Charles Evans and Associates. . .

© Abstract published if\dvance ACS Abstractsanuary 1, 1997. the surface synthesis methods described above, the Cul NCs
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Basal plane- Il. Experimental Methods
oriented graphite Cue Cu0 Cul

J J J IILA. Copper lodide Nanocrystallite Synthesis. The following
procedure was employed for Cul synthesis.
1. A freshly cleaved, basal plane oriented graphite surface was

1.0 mM Cu2+ pH =6.0 Ag. Kl . - - : :
—— ation — immersed in the degassed, copper plating solution, potentiostated at
e o oxidation metathesis +100 mV (vs C&'/CuP) for 60 s, and the potential was then stepped

to —500 mV (vs C@"/CWP) for a duration varying from 180 msto 2 s
(depending on the quantity of copper it was desired to deposit). The
Figure 1. Schematic diagram of the hybrid electrochemical/chemical integrated charge was corrected for background by subtraction of the

(E/C) method employed for the synthesis of Cul in this paper. charge observed for the same surface (i.e., the same cleave) in the
copper-free electrolyte described above. This corrected deposition

charge varied from 40 to 480C cnv2.

obtained by the E/C method on graphite are immobilized via : i
2. At the completion of the copper deposition pulse, copper NCs

re_latlvely weak van der Waals fo_rces, however, an eplta.XI.al were electrochemically oxidized to g at 0.0 V (vs Cé&"/CLP) for 5
alignment of these nanocrystals with the hexagonal periodicity ¢
of the graphite surface is never the less obtained. A charac- 3 The graphite working electrode was emersed from the plating
teristic feature of the E/C synthetic method is that the size and solution, and residual solution was removed from the graphite surface
size monodispersity of the semiconductor nanocrystals which mechanically (by vigorous shaking) followed by blow drying in a
are obtained are decided by the corresponding characteristicgurified N; stream and, in some cases, by rinsing with Nanopure water
of the metal nanocrystallites which are deposited electrochemi- (o > 18 MQ-cm).
cally in step 1 above. At graphite surfaces, the deposition of _ 4. The oxygen displacement reaction was carried out by immersing
metal NCs at high overpotentials occurs via an instantaneousC%0 NCs in an aqueous, 10 mM Ki solution for 1.0 min, followed by
nucleation and growth mechanism which yields a relatively thorough rinsing of the surface in a stream of Nanopure water.

. h . - II.B. X-ray Photoelectron Spectroscopy. X-ray photoemission
narrow particle size distribution. In addition, because both stepsSpectroscopy (XPS) measurements were performed using an Al k
1 and 2 are, in principle, applicable to a variety of different hoioline.
metals, a variety of+VIl and 1I—-VI compound semiconductors I.C. Transmission Electron Microscopy (TEM) and Selected-
may be accessible using variants of this approach. Area Electron Diffraction (SAED). TEM and SAED data were

We have Chosen to Study Cu| here because the Copper NC§CqUired on CQO and Cul nanocrysta”ites without removal of these
required for step 1 of the E/C synthesis are readily obtained nanoparticles from the graphite basal plane surface. This was ac-
: ; - complished by preparing an HOPG working electrode consisting of a
frorfn d”me’_ aqueouls Csﬂ] SOlu“_OnS ?‘t dgraph_lt_e eleCtrr?dde thin (100-400 A thick) HOPG flake4-1 mn?) supported on a carbon-
surfaces using a pulsed potentiostatic deposition method as;q;eq copper grid. The E/C deposition of Cul was then performed

previously described:’> As we shall see, the E/C synthesis o this electrode using the same procedure as described above. The
of Cul yields3-Cul which has a wurtzite crystal structure and copper coverage could not be determined in these experiments because
a direct band gap at 3.06 €¥. Cul has a small Bohr exciton  copper deposition occurred both on the TEM grid and on the carbon
radius of 15 A7 and Cul NCs are considered excellent flake. TEM data were obtained using an accelerating voltage of 200
Cand|dates for the |nvest|gat|on Of the Weak (Or exciton) quantum keV, and diffraction patterns were obtained at a camera Iength of 1000
confinement size effeé819 However, the quantum size effect MM Using a selected-area aperture ofu0 diameter.
for Cul is controversial: Itoh et &P (working with NCs of II.D. Noncontact Scanning Force Microscopy (NC-AFM). NC-

. . . . 21, AFM images were obtained using a commercial multimode scanning
””reP‘?”ed size polydispersity) ar_ld GoQOl'r_‘ et*ahave probe microscope in the laboratory air ambient and represent a random
classified as weak the quantum size effect in Cul, whereas sampiing of four or more macroscopic sites of the sample surface.
Masumoto et al? have reported absorptlon data consistent with Height measurements were made by comparing the height of the
the strong confinement model. In fact, the theoretical treatment structures with the immediate HOPG background. Image sizes ranged
of Kayanuma® predicts that, for Cul NCs smaller than 60 A, from 1 to 5um square, and statistics were obtained fropmisquare
the quantum size effect should be strong. All previous work images acquired at 256 lines.
with Cul nanocrystals has involved suspensions in silica glass !I-E- Fluorescence Microprobe Measurements. Fluorescence
or salt matrices, and quantitative work with this material has microprobe emission spectra were acquired as follows: Excitation from

. . - . __anargon ion laser operating at 351 nm and focused to a beam diameter
been impeded by the absence of methods (either liquid solut|on0f 0.2 mm was incident on the graphite surface at an angle of 60

o_r Surfacefba§ed) for prepar_lng Cul NCS Wh'c_h are narrowly from surface normal (external to the collection optics) in the laboratory
dispersed in size, and for which the critical particle parameters ajr ambient. Fluorescence from the surface was collected at normal
(crystallinity, crystal structure, and monodispersity) are directly incidence using a 100 objective (N.A.= 0.75). Rayleigh scatter was
measurable. The supported Cul NCs obtained using the E/Celiminated from this signal using an interference filter, and the
method therefore meet an important need. We shall show thatfluorescence image of the surface was spatially filtered to yiet@

the fluorescence properties #fCul NCs in the size range 13 um spot size. The signal from this area was coupled with an f4 lens

25 A agree quantitatively with the effective mass based strong into an f4 imaging spectrograph which dispersed the light onto a liquid
confinement theory nitrogen-cooled CCD. In conjunction with the linear dispersion

produced by the 300 groove mingrating, the pixelwise resolution of
this detector was 1:41.9 meV depending on wavelength. Collection
times ranging from 0.1 to 30 s were employed for laser powers3f
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(20) Itoh, T.; Iwabuchi, Y.; Kirihara, TPhys. Status. Solidi. B988 is the immediate product of the oxidation of copper metal in

146, 531. solutions having a pH more basic than 5.3. Consistent with
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Figure 2. (A) Pourbaix diagram for copper appropriate for fCu=

1.0 mM (after ref 22). Data points, labeled with lower-case letters,
indicate the following junctures during the E/C synthesis of Cul: (a)
initial potential, Eqpp = +100 mV vs Cd@"/CL’, applied immediately
prior to copper plating pulse; (b) plating potentiBh,, = —500 mV
applied for a duratior, of between 0.18 and 2 s; (c) oxidation potential,
Eapp= 0 mV; and (d) final open circuit electrode potentiBic ~ +50

mV, following the stabilization of the potential at open circuit for 20
s. Horizontal error bars indicate the pH range encountered for the
unbuffered copper plating solutions employed for this study. (B) Timing
diagram for the electrochemical preparation of copper oxide from a
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Figure 3. Cathodic current at a freshly cleaved HOPG electrode, 0.494
cn? in area, as copper is potentiostatically deposited at an applied
potential of =500 mV vs C@"/CW’. The deposition solution was
aqueous 1.0 mM Cu(Ngy, 10 mM K,SO,. Background correction of
this transient was accomplished by subtracting the current for the same
electrode in a “blank” solution of aqueous 2.0 mM K§Q@0 mM K-
SO..

previously been employed as a means of obtaining Cul from
Cw,S at macroscopic copper surfa¢eand has probably been
involved in the formation of thin layers of Cul on copper
surfaces in basic iodide-containing electrolytes, but this mech-
anism was not invoke#. The electrodeposition of copper and
the characterization of the Cul nanocrystals obtained from the
E/C synthesis are discussed in greater detail in forthcoming
sections.

With regard to the generality of the E/C method for the
preparation of other semiconducting materials, an exactly

1.0 mM copper solution. The letters here indicate the same junctures @nalogous E/C synthetic scheme can, in principle, be employed

as in panel A.

this prediction, it has been reported that,Ous obtained via
the electrochemical oxidation of copper in a variety of basic
electrolytes’®24 On the basis of these considerations, the
following E/C procedure was employed for the synthesis of Cul
nanocrystallites: First, Cunanocrystallites were deposited on

to synthesize CCl and CUBr as well as most VI materials

such as the cadmium salts: CdS, CdSe, and CdTe. In the case
of the cadmium salts, however, because no pH exists at which
the metal ion plating solution (i.e., 1.0 mM &g and Cd(OH)

are simultaneously stable (and in contrast to the copper case,
the formation of Cd(OH) at high pH occurs rapidfj), a
modification to the E/C procedure for Cul is necessary:

the freshly cleaved graphite surface by pulsed potentiostatic Following the deposition of metal nanocrystallites at a pH where

deposition from a 1.0 mM C solution at—500 mV (vs Cd*/
CWP) and pH= 6.0+ 0.2 (Figure 2A.b). This operation would

Cd?+ solution is stable (e.g., pH 6), the pH must be shifted
higher (e.g., to pH= 9.0—10.0) prior to the electrochemical

appear from the Pourbaix diagram to be impossible because ofoxidation of the metal to Cd(OH) Cd(OH), has previously

the thermodynamic instability of Gt at pH = 6; however, it
is readily verified that the formation of CuO from &uis
kinetically too slow to cause any perceptible instability of this
plating solution. Following the electroplating of copper nano-
crystallites, these particles were electrochemically oxidized to
Cuw0 in the plating solution, at 0.0 V (Figure 2A.c). The
oxidation of copper NCs at the electrode surface was verified
by monitoring the open-circuit potential of the graphite surface
after oxidation: within 20 s of the oxidation step, the surface
potential arrived at a point withinrt10 mV of +50 mV
corresponding to the intersection between theGCand CuO
regions shown in Figure 2A (Figure 2A.d). Finally, Luwas
immersed in the Kl solution in which the displacement of
oxygen by iodide yielde@-Cul in approximately 1 min.

The production of Cul from G by displacement has

been identified by Gorer and Hod€ss a key intermediate in
the chemical solution deposition of CdSe films under most
experimental conditions.

I11.B. Copper Nanocrystallite Deposition and Oxidation.
Copper nanocrystallites were deposited using the pulsed po-
tentiostatic method described earfiét> The narrowest particle
size distributions for copper particles were achieved using a
large deposition overpotential 6500 mV (vs Cdt/CW0). A
typical current-time transient obtained for copper deposition
is shown in Figure 3. This transient is qualitatively similar to
those which we have observed previously for the potentiostatic
deposition of silver on HOPG at this same overvoltiée:
Promptly upon the application of the deposition pulse, an
increasing cathodic current which is nearly proportionaft
is seen. This functional form for the current-time transient is

literature precedents: Cul has been reported to form spontaneProduced®*°by the growth of a fixed number of copper nuclei

ously at lightly oxidized copper surfaces in contact with basic
iodide-containing electrolyte®. In addition, displacement has

(23) Elsner, C. |.; Salvarezza, R. C.; Arvia, AElectrochim. Actd 988
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(27) Tennakone, K.; Punchihewa, S.; Kiridena, W. C. B.; Ketipearachchi,
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each by a hemispherical diffusive flux, and the important the positions of NCs and the NC diameter are both preserved
implication is that the nucleation of copper particles in these during the conversion from GO to Cul.

experiments is nearly temporally discrete, coinciding with the  SAED patterns of this region, shown in panels b and e, allow
onset of the deposition voltage pulse. As the electrolysis the crystal structure and the crystallographic orientation of the
continues, the hemispherical diffusion layers of adjacent copperNCs on the hexagonal graphite surface to be determined.
nuclei merge to generate an approximately planar diffusion field, piffraction from the graphite substrate surface and NCs is
causing a peak in the curreftime transient (at an integrated  simultaneously observed, and the graphite pattern therefore
charge of 56-80 #C cn?), and a transition at longer times to  serves as a convenient internal calibration standard for the
a decaying, Cottrellian current which is proportionatté?is assignment of the NC reciprocal lattice. The diffraction spots
seen. in panel b are assigned to cubic Luwhereas NC diffraction
The characterization of copper NCs by NC-AFM was not in the pattern of panel e is assigned to wurtgit€ul. Because
attempted because XPS measurements indicated that thesthe aperture employed for selected-area diffraction hadari0
particles oxidized rapidly upon exposure to air. Instead, diameter, the patterns shown in panels b and e are derived from
immediately following deposition, copper NCs were electro- approximately 200 NCs on the graphite surface. Thus, the
chemically oxidized as indicated in the timing diagram of Figure single-crystal diffraction which is obtained from this ensemble
2B to obtain CgO NCs. CuyO NCs were air-stable (with  of NCs is evidence that NCs of both materials are epitaxially
respect to further oxidation to CuO), and NC-AFM images of aligned with the hexagonal periodicity of the graphite surface.
these surfaces appeared indistinguishable from images of the | the case of Cul, the orientation of NCs on the graphite
Cul NCs shown in Figures-68 (see discussion of these data syrface may be deduced from the electron diffraction pattern
below). For copper coulometric loadings in the rangeudd 55 follows: Diffractions corresponding to periodicities existing
cm™2 < Qey < 100uC e 2, corresponding to 0.670.18 equiv along the c-axis of the unit cell (e.g. [001] and [002]) are missing
copper monolayers (assuming an adsorption electrovalency ofywhereas the strongest diffraction spot (i.e., [010]) corresponds
2.0), discrete GO particles having a mean height of 25 Aor 15 4 371 A periodicity existing within hexagonal copper or
less were observed and these particles were evenly dispersegygide layers in the wurtzite structure. Together, these two
across the atomically smooth graphite basal plane surface, agpservations indicate that theaxis of Cul nanocrystals is
well as at defect sites such as step edges on the surface. Th@yiented perpendicularly to the plane of the graphite surface
NC-AFM images of Cul NCs, Figure 6, provide an excellent 4nq that hexagonal planes of either copper or iodide atoms, with
representation of the topography seen fob@WNCs in this 3 jattice constant ad = 4.27 A, are in contact with the graphite
coverage regime. Although fluctuations in the nucleation areal gy rface. With this orientation, 2 draoo) (=2 x 2.1386 A=
density were observed from experiment to experiment, as 4 2772 R) for graphite provides a near perfect matcta for
compared to our previous findings for silver nanocrystallite ¢y (mismatch= 0.02%). As shown in the schematic diagram
growth on graphité the areal density of GO nanocrystallites  of Figure 4g, the resulting arrangement of copper (or iodide)
was higher by a factor of 5 (#0cm™2 for copper vs 5x 10° atoms on the graphite surface corresponds tg/2x(v/3)R30°
cm~2 for silver). The particle morphology seen for £ alignment of the two-dimensional unit cell in the (0001) planes

implies that copper electrodeposition occurs via a Volmer  of the Cul crystallite with the 2.47 A hexagonal periodicity of
Weber growth mode in which three-dimensional growth occurs he graphite substrate.

promptly following the formation of critical nuclei on the Taken together, the TEM and the SAED data clearly indicate

g:gpﬂ::g Sg,?gﬁé@f a;:%iaﬁgre%(i)tri;eldc(f)or Zﬂvfgvgfgojémiﬂeon that CyO NCs are converted on a particle-by-particle basis to
grap P ) 9 pp ges, B-Cul. That is, the number of copper atoms is conserved in

morphology of the C¢O deposit became rapidly more disor- the conversion of a GO NC to a Cul NC. In addition, a

e o, g% comparizo f e o TEM mages (e 4, panls 2 and )
until later ) reveals that_most of the part_icles do not move on the graphite
: . o surface during the conversion process. These observations
llIl.C. Conversion to -Cul and Characterization. After — ,4\ide justification for the schematic diagram of Figure 1 in
the exposure of G NCs to aqueous K solution, the resulting \hich these two characteristics are implicit. If it can be assumed
Cul NCs were characterized by X-ray photoelectron Spectros- ya¢ cy0 NCs are obtained in a likewise fashion from theCu
copy (XPS), NC-AFM, scanning Auger microprobe (SAM) Ncs which are initially electrochemically deposited, it is
analysis, and laser-induced fluorescence measurements. We dp.550nable to conclude that the Cul NC diameter is decided by
not describe the results of SAM analyses below because theyo giameter of the copper NCs deposited in step 1 of the
information obtained was redundant with the more detailed g nihesis. An important corollary is that improvements to the
structural information obtained using SAED in conjunction with monodispersity of Cul NCs can be expected to follow improve-

TEM. The results for each of the remaining techniques are ments in the monodispersity of €INCs which are initially
summarized below. deposited.

ll.C.1. T_ransnjlssmn Electron Mlcroscopy/ S_elected-Area The electron diffraction data presented here constitutes the
Electron Diffraction. The TEM image of Figure 4a was g« qetermination of the crystal structure for Cul NEg9%-21
acquired immediately following the deposition of copper NCs Cul is polymorphic, and thes form, having a zinc blende
and the electrochemical oxidation of these particles. Following gy cire i the most stable structure at room temperature while
TEM imaging and diffraction analysis of this surface, this A-Cul is ;)btained fromy-Cul at a temperature of 370716
sample was rem?"ed frqm the TEM, _the surface was e>(pOSGdAgI exhibits exactly analogous phase behavior, but a somewhat
to aqueous KiI, rinsed with water, dried, and returned to the lower phase transition temperatdfe.In previous workeL3
vacuum environment of the microscope, and the TEM image solution-synthesized Agl NCs have been found tQGEfe;rm
of Figure 4d was acquired. A careful comparison of the two so the observation gf-form Cul NCs in this work is né)t
TEM images, guided by the distinctive patterns of NCs which
are marked with the lower-case letters u, v, and w, reveals that™ (31) micic, O. I.; Meglic, M.; Lawless, D.; Sharma, D. K.; Serpone, N.

Langmuir199Q 6, 487.
(30) Gunawardena, G.; Hills, G.; Montenegro, |.; Scharifker, JB. (32) Schmidt, K. H.; Patel, R.; Meisel, 0. Am.Chem. S0d.988 110,
Electroanal. Chem1982 138 225. 4882.
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Figure 4. (a) Transmission electron micrograph (TEM) of an electron-transparent graphite surface immediately following the electrochemical
deposition of copper, and subsequent oxidation. Lower-case letters (e.g., u, v, w) indicate distinctive clusters of nanocrystallites. The distance bar
shown corresponds to 80 nm. (b) Electron diffraction (ED) analyses ofiarl@iameter region centered about the TEM image of panel a. (c) Map
showing assignments for the ED pattern of panel b (based on International Centre for Diffraction Data File #05-0667). Circles, labeled with the
lower-case letters-ae, are assigned to cubic g as follows. a: [110]d = 3.02 A. b: [111],d = 2.465 A. c: [220],d = 1.510 A. d: [222],d

= 1.223 A. e: [211]d = 1.743 A. Squares, labeled with the lettershf are assigned to graphite as follows. f: [100} 2.319 A. g: [110],d

=1.234 A. h: [112],d = 1.16 A. (d) TEM images of the same region shown in panel a but following the immersion of the surface in aqueous 10
mM KI solution for 1 min. The distance bar shown is 80 nm, and the lower-case letters indicate the same clusters of NCs marked in panel a. (e)
Electron diffraction (ED) analyses of a 1n diameter region centered about the TEM image of panel d. (f) Map showing assignments for the ED
pattern of a panel e (based on File #45-1316). Circles, labeled with the lower-case lettees@assigned to (wurtzit@g}Cul as follows. a: [010],

d=3.71 A. b: [020],d = 1.85 A. Squares, labeled with the lettersfcare assigned to graphite as follows. c: [100} 2.139 A. d: [110],d

=1.234 A. e: [112]d=1.16 A. f: [201],d = 1.057 A. (g) Schematic diagram showing the orientatioff-aful crystallite on the graphite basal

plane based on electron diffraction analysis. Hexagonal (0001) planes of copper (or iodide atoms) possé3se$3RE0° orientation with

respect to the hexagonal periodicity of the graphite surface.

surprising. However, epitaxial alignment of the Cul NCs with I1I.C.2. X-ray Photoelectron Spectroscopy (XPS). We
the hexagonal periodicity of the graphite surface may provide have acquired XPS spectra of Cul modified graphite surfaces
an additional energetic stabilization of the wurtzite structure. primarily to check for the presence of contaminating iodide or
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Figure 5. X-ray photoelectron spectra for samples of Cul NCs prepared B.
by the E/C method and a Cul standard: (A) Cul powder (Aldrich, um
99.999%) dispersed on graphite; (B) E/C Cul sample on graphite
prepared with an initial copper coverage of80 cm 2 (or 0.10 equiv
copper monolayers); and (C) E/C sample prepared withydB@nr2 0.12
(or 0.85 equiv monolayers) of CGuThe assignment of prominent '
photoelectron peaks is indicated.
. - . 0.08
potassium salts. Shown in Figure 5 are X-ray photoemission
survey spectra for graphite electrode surfaces on which copper
nanocrystallites were first deposited at two coveragesu®0 0.04

cm~2 (or 0.10 equiv copper monolayé&fg and 480uC cn?

(or 0.85 equiv monolayers). The copper nanocrystallites on
these surfaces were then oxidized and exposedds Hescribed
above. For purposes of comparison, an XPS spectrum of a
99.999% y-Cul standard (also dispersed on HOPG) is also
shown. For the two electrodeposited samples, survey spectra

revealed no traces of other ions which were present in the copper c 20

plating solution or the KI solution (principally nitrate, potassium, < AT

and sulfate). In fact, all of the peaks present in these two spectra S0l 1324 nia

are assignable to copper, carbon, iodine, or oxygen (not labeled) 8

and are in excellent qualitative agreement with the Cul standard. Fo 1 - - -

From a quantitative standpoint, the Cy2photoemission peak

for both electrodeposited samples at 932.3 eV matches that of ) ) )
the standard and is in good agreement with the value of 932.4Figure 6. (A) Noncontact atomic force microscopy (NC-AFM) image
eV reported for Cu(l) species such as,Ouand CuCP4 of Cul nanocrystallites prepared using the E/C method on graphite.

L - The initial copper coverage on this surface vias = 47 uC cni?,
+
However, because Cand Cé" photoemission lines are close corresponding to 0.083 equiv copper monolayers. (B) NC-AFM image

to that for Cu', the presence of these other species on the surfaceyt 5 small cluster of Cul NCs. (C) Amplitude trace corresponding to
cannot be excluded by the XPS data. the white line in panel B, highlighting the asymmetry in the particle
II.C.3. Noncontact Atomic Force Microscopy (NC-AFM). height as compared with the apparent diameter. This asymmetry is
Previously we have shown that NC-AFM allows silver nano- characteristic of the noncontact imaging mode, as described in the text.
crystallites prepared by pulsed potentiostatic deposition on
graphite surfaces to be sized, and the spatial distribution of theseNCs were obtained with mean heights ranging from 13.4 to
particles on the surface to be determirédSTM and conven- 24.1 A, and these NCs were well-separated from each other on
tional repulsive mode AFM are not useful for this purpose the graphite surfacelt is this low-caerage regime on which
because interactions of the STM or AFM tip with weakly we focus attention in this papett significantly higher initial
physisorbed silver particles cause the displacement of thesecopper loadings (henceforth the “high-coverage regime”), a more
particles on the surface during imaging. For the Cul particles heterogeneous surface was obtained on which discrete Cul NC
prepared using the E/C method, we have again employed NC-growth was often combined with the growth of a Cul layer.
AFM to measure particle heights and height distributions. Cul NCs as large as 200 A were observed in this regime.

Two types of Cul deposits were obtained using the E/C  Typical NC-AFM images of three sample surfaces are shown
procedure depending on the quantity of copper deposited in thein Figures 6-8. In Figure 6A is shown a=1.0 um? region of
first step of the synthesis: For low copper loadings in the range a surface following an E/C synthesis involving an initial
40 uC cnr? < Qgy < 100 uC cnr? (henceforth the “low- Coulombic loading for copper o®c, = 47 uC cn?, repre-
coverage regime”, corresponding to 0-0¥.18 equiv copper  sentative of NC-AFM images for Cul NCs prepared in the low-
monolayers assuming an adsorption electrovalency of 2.0), Culcoverage regime. As is apparent from this image, Cul NCs are
well-separated from one another on the atomically smooth
(33) The deposition of a closest packed monolayer of copper is predicted graphite basal plane surface. The cross section shown in Figure
to require 564 mC ci? assuming a nearest neighbor distance of 2.56 A L . .
and an electrosorption valency of 2. 6C indicates that the apparent diameter of the electrochemically
(34) Gaarenstroom, S. W.; Winograd, N.Chem. Physl977, 67, 3500. deposited copper particles (26800 A) was larger by a factor

Trace distance, um
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Figure 7. (A) NC-AFM image of Cul layer on a surface which was
prepared with an initial copper coverage Qt, = 290 uC cnr?
corresponding te~0.5 equiv copper monolayers. (B) Amplitude trace
corresponding to the white line indicated in the image of panel A.

Trace distance, um

Figure 8. (A) NC-AFM image of Cul layer on a surface which was

prepared with an initial copper coverage Qt, = 453 uC cnr?
corresponding te~0.8 equiv copper monolayers. (B) Amplitude trace
corresponding to the white line indicated in the image of panel A.

of ~20—40 compared with the height cf11—-14 A. This

diameter-height asymmetry was observed for Cul and copper
oxide particles in all the NC-AFM experiments conducted in
connection with this paper, and in previous work involving silver
NCs1415 |tis now well-appreciated that thepparentdiameter

of protrusions which are rendered with an AFM contains a
contribution from the geometry of the AFM probe tip. Because
long-range interactions are important in the NC-AFM experi-
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Figure 9. Histograms of Cul particle heights measured from NC-AFM
image data for three samples as described in the text.

nanostructures, in contrast, are comparatively accurate since this
measurement is insensitive to the precise AFM probe tip
geometry.

The statistical analysis of several such regions yielded a mean
particle height of 13.4+ 2.9 A for this sample and a particle
height distribution which is plotted in the histogram of Figure
9A. Statistical data for another sample having a mean patrticle
height of 17.8+ 4.9 A are plotted in Figure 9B. The relative
standard deviations (RSD) of 22% and 28% seen for these two
samples were typical of the Cul NCs populations obtained using
the low-coverage regime specified above. The mean Cul
particle diameter observed for such syntheses varied from 13.4
to 24.1 A, but this size did not correlate well with the Coulombic
loading because the particle areal density varied substantially
from 5 x 1°to 5 x 109 cm2.

In the high-coverage regime, the polydispersity of the Cul
NC height substantially increased, and the growth of a Cul layer
on some regions of the sample surface was also frequently
observed. For copper coverages in the ranged@, < 350
uC cn?, for example, this copper layer was typically-148
A in thickness. An NC-AFM image of such a layer, for a
surface on which both Cul particles (mean heightl7.8 A)
and the Cul layer were present in different regions, is shown in
Figure 7A. The linear troughs which traversed these layers were
oriented at 60 angles with respect to one another, reflecting
the periodicity of the underlying graphite substrate surface. The
histogram of Figure 9C documents the distribution of particle
sizes for this sample. At yet higher copper coverageQ®&f
> 350 uC cn?, the growth of large Cul NCs was often
observed atop thisz16 A thick Cul layer, and at defects as
well as directly atop the graphite substrate surface. A typical
NC-AFM image is shown for a sample prepared usipg =
452.7uC cm? in the NC-AFM image of Figure 8A. These
larger Cul NCs were quite nonuniform in diameter, typically
ranging from 18 A to more than 80 A in height. The origin of
the pronounced discontinuity between the epitaxial growth of
Cul NCs which is seen in the low-coverage regime and the far
more heterogeneous Cul nanoparticle and layer growth seen in
the high-coverage regime is incompletely understood at present.

II.C.4. Fluorescence Spectroscopy Fluorescence spectra
were obtained for the graphite-supported Cul NCs prepared
using the E/C method. All spectra were acquired at room
temperature using an excitation energy of 3.53 eV or 351 nm
(as described in greater detail in Experimental Methods). The
fluorescence emission from~a30 um diameter region of the

ment, the nature of the tip convolution is more complicated than graphite surface was sampled in each spectrum.

for repulsive mode AFM, and the intrinsic in-plane resolution
of the technique is clearly lower.

Fluorescence spectra for three sample surfaces are shown in

Height measurements of Figure 10. Mean particle heights, determined using NC-AFM
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. 41.2A vertical error bars were calculated by takingf@r the emission
12107 e l TeA T maximum measured at20 different 30um diameter regions
1 10° L single crystal > of each sample surface. Seven of these samples, all having

S $ - - A =
emission maximum \13.6 A

particle heights of less than 25 A, were prepared using an initial
- copper coverage in the low-coverage regime and therefore
represent surfaces on which Cul NCs are epitaxially aligned
- and well separated laterally on the surface (as confirmed using
the NC-AFM measurements). The two samples with mean
diameters at 41.2 and 180 A were high copper coverage samples
and exhibited large spatial variations of both the particle height
\ and, as qualitatively expected, the emission maximum of the
e et TP v fluorescence emission.
27 28 29 3 31 32 The energy associated with fluorescence emission from
Energy, eV semiconductors is usually somewhat lower than the energy of
Figure 10. Room temperature fluorescence emission spectra for three tN€ band gap (as measured using absorption spectroscopy)

Cul NC samples having mean particle sizes, measured from NC-AFM because the transition responsible for emission involves trap
image data, as indicated. These three samples were prepared with initiabtates located at energies below the conduction band edge. The

8000 [~ I

6000

4000

Normalized Intensity

2000

0

copper loadings of 95,4C cnr2 (13.6 A diameter), 58ZC cni2 (17.8 published luminescence spectra for Cul nanocrystals of Itoh et
A), and 916uC cni2 (41.2 A). The peak intensity of each spectrum al2° and Masumoto et &f both show evidence for carrier
has been normalized to 10 000 counts. trapping; however, the energy of the trap state has depended

on such synthesis parameters as the annealing temperature.

R/ag Absorption spectra for Cul nanocrystals prepared using the E/C

1200_ CINML N BN - method have not yet been obtained, and the existance of carrier
r trapping cannot, therefore, be detected. However, the particle
100 7] size dependence of the emission energy can be compared with
r ] theoretical models which predict the dependence of the band
2 80:_ ] gap on particle size. Data for three such models are included
EF eok 3 in the plot of Figure 11: The solid line represents the energy
:./é) C . shift predicted using the variational calculation of Kayantfna
> 40k ] for spherical semiconductor particles, and the dashed lines
> ' (described in greater detail below) are plots of two analytical
b 20F . equations which describe the behavior in the strong and weak
r " I_ confinement limits. With respect to the variational calculation,
or 1 ] adapting the results of this theory to Cul involves no adjustable
ELooy L L parameters, and the agreement with the experimental data seen
0 50 100 150 200 in Figure 11 is quite good. For the smallest particles investi-
R, A gated in this study, however, the calculated shift is greater than

Figure 11. Plot of the shift of the fluorescence emission maximum, that which was observed experimentally. In fact, qualitatively
measured from 2.92 eV, as a function of the particle height. Vertical Similar discrepancies have been seen for comparisons of
and horizontal error bars in this figure represent0 standard deviation ~ experimental data for Cu€&#3”and CdS$° NCs with this theory.

for the emission maximum (which was sampled~a0 different 30 Kayanuma has subsequently shé#that this discrepancy is
mm diameter spots), and the particle height (which was sampled at largely due to “incomplete confinement” of the electron and
~10 separate k 1 um regions of the electrode surface). These regions hole at the surface of the NC; that is, an invalid assumption of
represented the entire8 mm diameter of the electrode. Solid or broken  hjs original variational calculatidfiis that the tunneling of these
lines represent the behavnor_ expected on the basis of th.ree theoretlcabartides into the medium surrounding the NC is negleéted.
models as follow: The solid line represents the prediction of the A conclusion of this comparison with theory is that for E/C

variational calculation of Kayanuma (ref 19) for Cul with no adjustable . . . -
parameters (as described in the text); the short-dashed line is the,syntheSIzed Cul nanocrystals, the trap state involved in emission

prediction of eq 1 (weak or exciton confinement); and the long-dashed is located close to the conduction band edge in energy. This

line is the prediction of eq 2 (strong confinement). conclusion is necessarily tentative, however, because bulk values
of the dielectric constant and the carrier masses were employed
measurements, were 13$63.1 A, 17.8+ 5.9 A, and 41.2+ in the calculation of the shift for the theory of Kayanuma.

37.3 A for these three samples. Two significant effects of the  The dashed lines represent calculations corresponding to two
particle size on the emission characteristics of these Cul NCs limiting cases for the quantum size effect which are normally
are apparent from these spectra: First, the energy of maximumdistinguished: Aweak (or exciton) confinemenggime exists
emission is shifted higher with decreasing particle diameter. For IN the limit R/as > 1 (whereR is the NC radius andg is the

the 13.6 A NCs. a blue shift 120 meV is seen versus the Bohr exciton radius). In this limit, the translational motion of
emission maxim,um of 2.92 eV measured for largel 0 xm) correlated electronhole pairs (or excitons) is confined, but the
Cul crystallites. Second, the emission line width is narrowed extra energy assomated with creating 22 exciton in the NC is
appreciably for smaller Cul NCs: The full width at half- small. For \(veak .confmement, Kayanuthfias again ehown
maximum (fwhm) of the emission for the sample having a 13.6 that the relationship between the energy of the first excited state,

A mean was 45.9 meV as compared with 139 meV for the 41.2  (35) Electron and hole effective masses, however, have not been
A sample measured fop-Cul, and values ofne = 0.331y andmy, = 1.4my for y-Cul,
' . o L taken from ref 40, were therefore employed instead. The high-frequency
The wavelength of maximum emission is plotted in Figure dielectric constant for Cul was taken to be= 4.58 (ref 42).
11 as a function of the Cul NC height for the three samples of _ (36) EKimov, A. 1.; Efros, A. L.; Onushchenko, A. ASolid State

: . " : 1 21.
Figure 10, plus six additional samples. The horizontal error CO(rg;n)ultnoh98T5._5K€},ri?1ara K.J. Lumin.1984 31/32 120.

bars denote @for the NC-AFM-measured particle heights, and (38) Kayanuma, Y.; Momiji, HPhys. Re. B 1990 41, 10261.
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E, and the NC radiusRk, may be approximaté®as 160 T T T
2 2 140 4
E=E,+ L - — 1) {_
MR - 1.28,] > 120 .
=
whereE, is the band gap in the limit of large, andM is the g ' 1
exciton mas$? Equation 1 is plotted as the short-dashed line 2 b |
in Figure 11. In thestrong confinemeriimit, in contrast, Rag Q
<1, and electrons and holes are confined as discrete entities. = ok -
The energy of the first excited state for this case is given
(originally by Brug®) as a0l @ .
2_2 2 20 L 1 1
E=E,+ M[i + l] _1l.78& ) 0 50 100 150 200
RP[Me m, €R Particle Height, A

h d he effecti f the el d Figure 12. Fluorescence peak width (fwhm) versus particle size for
whereme andmy, are the effective masses of the electron an six Cul NC samples. Vertical and horizontal error bars were obtained

hole3 Equation 2 is plotted as the long-dashed line in Figure ging the same procedure as in Figure 11.
11. The kinetic energies of the electron and hole, given by the
second term of eq 2, increase in proportion#i&21 This kinetic HALARRARRERAR SRR R AR R
term is partially offset by the Coulomb attraction between the 1600 - ,-"A,“-._._ .
electron and hole which increases in proportion /8 The
relative magnitude of this Coulomb correction is much greater
than that which is generally applied in investigations ef\V
materials such as CdSe because of the much larger hole effective
mass for Cul (e.gm, = 1.4mp (Cul)*® versus 0.45 (CdS#)),
combined with the smaller dielectric constant of this material
(e.g.,exle0 = 4.58 (Culf2 versus 10 (CdSé&Y. This term has
been omitted from the strong confinement equations employed
in one previous study of the quantum size effect for Cul NCs.
The applicability of egs 1 and 2 to experimental systems was 0 et N
the subject of a theoretical investigation by Kayantftria 57 28 29 3 31 32
which it was concluded that agreement with eq 1 should be Energy, eV
Obs,erVEd fO'R/a) Z, 4 Whereas eq 2 is applicable f/a < 2 Figure 13. Fluorescence emission spectra for variougB80diameter
An Intermedlat_e size regime, 2 Rl =< 4, therefo_re eXIStS  regions of a surface having a mean Cul NC height of 15 A. The dashed
where the particle-size dependence of the energy is adequatelypectrum is for a single microcrystallite, at a step edge on the surface,
described by neither equation. On the basis of these criteria,which was visible by dark-field optical microscopy of the surface. Solid
Cul NCs (having an exciton radiua, = 15 A) should exhibit spectra were obtained at four other regions of the same surface where,
strong confinement foR < 30 A and weak confinement fd&R however, no light-scattering signals could be observed (indicating the
> 60 A. Our experimental data do not provide a detailed probe existence of no microcrystallites).
of the size regime in which weak confinement is expected for
Cul; however, seven samples were prepared for wRich 25 spectra acquired at 2 €. Our Cul NC samples also exhibit an
A, and the emission data for these surfaces are seen in Figureextremely narrow dispersion of the emission maximum across
11 to be in excellent agreement with the predictions of the strong the sample surface, and together these two indicators are
confinement model. The weak confinement model also comes consistent with the narrow NC size distributions plotted in the
surprisingly close to the variational calculation and eq 2 in this histograms of Figure 9.
radius regime despite the fact that Kayanuma has shown eq 1 For the larger Cul NCs we have prepared, however, it is
to be invalid for particles in this radius regime. The fortuitous useful to ask whether the inhomogeneous broadening which is
agreement seen for eqs 1 and 2 in Figure 11 (and previ8ddly  observed is caused Iparticle size dispersiomn the sample
may account for the missassignment of the quantum size effectsyrface (which clearly exists), or whether broad fluorescence
for Cul NCs as “weak”. Once again, however, it is important js an intrinsic property ofindizidual, large (i.e.,~100 A
to note that bulk values of the dielectric constant and the carrier giameter) Cul NCs. The emission spectra of Figure 13 speak
masses were employed for all three of the theoretical models, g this issue. Shown in Figure 13 are an emission spectrum
and the qualitity of the fit must therefore be considered to be for  single Cul microcrystallite (diametex 1.0 um, as
somewhat fortuitous. o determined from dark-field optical microscopy of the surface)
The emission line width is plotted versRsin Figure 12 for  ang six spectra for different 3gm diameter regions of the
fall (_)fthe _samples investigated in this study. A smooth decreaseq tace on which no microcrystallites were present (also as
in line width is seen from 140 meV (faR = 180 A) to less | orifieq using dark-field microscopy). The line width seen for

tEanI.SO mt_ac}/h(forR :h13'6 Al):)' For Lhe smaIIestNCst)Frepared, the Cul microcrystallite (dashed line) of 183 meV is much larger
the line widths we have observed are considerably Narrower y, ., \her.40 meV of the NC spectra (solid lines). Because a

than any seen for Cul NCs previously, even for fluorescence single Cul microcrystallite is sampled in this experiment, the

(39) The exciton mass fop-Cul has been estimated previously by implication is that the line width seen for dispersions of larger
Gongolin et al. to be 3.7,. i i ; ;
(40) Yu_ C. 1: Goto, T Ueta, MJ. Phys. Soc. Jpri973 34, 693, nanocrysta}llltes in the datg of Figure 13 may not derive purely
(41) Sze, S. MThe Physics of Semiconductor &ees 2nd ed.; John from the size heterogeneity of the surface.
Wiley & Sons: New York, 1981.
(42) Ageev, L. A.; Miloslavskii, V. K.; Maksimenko, T. Dpt. Spectrosc. (43) Masumoto, Y.; Wamaura, T.; lwaki, Appl. Phys. Lett1989 55,
(USSR)1974 36, 76. 2535.
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IV. Summary to most transition metals, graphite has an extremely low density
of states (2.5¢< 10?° cm3)** and, perhaps for this reason, does
not efficiently quench the fluorescence of the semiconductor
NCs disposed on its surface. For both of these reasons, future
fundamental investigations of nanometer-scale materials syn-

exposed to an aqueous K| solution in which the oxygen is thesized using the E/C method will be facilitated by performing

displaced by iodide to yiel@-Cul NCs. The smallesg-Cul the E/.C synthesis on graphite. . .
NCs prepared using this method, having radii in the range 13 A disadvantage of the E/C method in the case of Cul is that
25 A, are narrowly dispersed in size and are epitaxially aligned the monodispersity of large (i.e., diamete25 A) Cul NCs is
with the graphite substrate surface. These NCs exhibit a roomPoOr because the well-defined Volmen/eber deposition mode
temperature fluorescence envelope which is strongly blue-shiftedis lost for copper as NCs attain a height=e25 A. We have
in accordance with the expectations of the calculations of recently reported a similar effect for the growth of silver NCs
Kayanuma and the strong confinement model of Brus. in which silver deposition abruptly becomes disordered at a NC
Relative to existing experimental methods for preparing size- height of 40 Al In order to further extend the applicability of
monodisperse semiconductor NCs, the advantages of the E/cthe E/C method, the origins of polydispersity in metal NCs
method are the following: (1)No functionalization of the growing under diffusion control must be better understood.
nanocrystallite surfaceis required to prevent aggregation Additionally, a more detailed, atomic-scale understanding of
(because incipient semiconductor particles remain anchored tothe conversion from Cuto CwO to Cul is needed and must
the graphite surface during the conversion from metal to oxide await further investigations of these processes.
to iodide). (2) The epitaxial alignment seen by SAED indicates
that3-Cul NCs interact strongly with the graphite surface and  Acknowledgment. The authors express their appreciation
imply that these particles are i@lectrical contactwith the to Mr. Art Moore of Advanced Ceramics for donations of highly
graphite electrode surface. Bxtremely small semiconductor ~ oriented pyrolytic graphite, to Prof. John Hemminger and
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A hybrid electrochemical/chemical method for synthesizing
Cul NCs on electrode surfaces has been described in which
copper nanocrystallites, prepared by a potentiostatic pulse
method, are first electrochemically oxidized tosQuand then




