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Scanning Tunneling Microscopy, Atomic Force Microscopy, and

Related Techniques

Shelly R. Snyder and Honry 8. White*

Department of Chemical Engineering and Materigls Science, University of Minnesota, 151 Amundson Hall,

42] Washington Avenue SE, Minneapolis, Minnesota 55455

INTRODUCTION
(Th' last decade has seen the mv(osn% cn% devclomfnoat
o mnnmc mxcro.copy and atomic force
microscopy (AFM). In 1986, the inventors of STM, Binnig
ondRohm(AI).nmvndtho obo!Pnumth[orthm
muly tial increese in the number
describing applmuou of STM and AFM has

oecurnd during the past few years. This remarkable
is the best indication that these and related scanned-probe
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techniques are being widsly accepted as analytical tools for
addressing fundamental issues in physics, chemistry, biology.
and engineering.

This manuscript reviews the literature concerning STM,
AFM and other scanned-probe microscopies from Janusry

through December 15, 1991, Recent reviews on Surface
Chnnm&huuon (A2) and Chemical chroocopy (Ag) pub-
lished in journal, report on developments snd cations
of STM and AFM through the end of 1980. The Lterature

© 1992 American Chemical SocCiety
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cited in this review is taken from a search of the STN In-
ternational Database and Current contents. A ificant
number of citations are from the Proceedings of the Fifth
International Conference on STM/ and t.he First
International Conference on Nanometer e Science and
Technology, Bubluhed in the Journal of Vacuum Science &
Technology B, Volume 9, 1991. This latter volume contains
an excellent collection of research articles that are repre-
sentative o‘:‘d current trends in the STM/AFM eommumb

abbreviation for both tﬂmummln: i and the
or scanning microscopy
scanning tunneling microscope. AFM is similarly used as an
abbreviation for both the technique and the instrument.

A. BOOKS AND REVIEWS

An extansive review g; the th(o:m nnNi oX] Aré.tinonnl
aspecta of STM is given by Chen series
book (A5), entitled Sca Tunneling Mscmcapy ond
Related Methods, edited by Garcia, and Rohrer, dis-

cusses recent ta in the theory and applications of
STMa.ndAFM.snllunhudopﬁedm acoustic mi-
ies. This series tions of STM in

surrounding the sa tal issue in addressing
surlnadnm imaging and in
::rbym’ for intantional ‘miﬂuhom. Binh
Garcia addres subjects in a review dealing with the
role of STM tips in ion emission and surface melting (A6).
The usefulness of in its ability to te atoms
and molecules on a surface in a controlled fashion has been
reviswed by and Fuchs (A7)
Several review articles deal with of the

iological complezes in ic charge contours
(:‘Bk Waung’gm (A;ntpom‘g%mﬂor
Lﬂm m . w I.IhIVO

ively studied waves in low-dimensional
matarials, such ss tantalum and have re-
viewed the sffects of metal su in materials
{A10). The elctronic structure of small metailic snd

their interaction and modulation of the substrate electronic
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structure is reviewed by Sattier {A11). Surface diffusion of
metal atoms as observed by several microscopic techniques,
mcludmg STM, has also been reviewed (A12).

The principies and operation of the electrochemical STM
are di by Chidsey (A13). Shortcomings of this tech-
nique in the study of materials which are not atomically flat
are di

AI-'M,hkeSTM. is capable of imaging surfaces with atomic
resolution but can image both conductive and nonconductive
samples. Develo by Binnig, Quate, and Gerber in 1986
(AI 4) the AFM similar status and flexibility in useage
as the STM. In AFM, a sharp tip is mounted on a micro-
cantilever arm and rastered across the sample surface. In a
gpnal configuration, the deflection of a light off the back of

cantilever is used to monitor the force applied by the
cantilever on the sample. In systems of this type, forces as
small as 10 N are applied to the substrate, thereby reducing
damage to the sample. A useful review of the subject high-
lights five cantilever drive systems and seven deflection de-
tection systems (A15).

B. INSTRUMENTATION AND PROBE TIPS

Several researchers describe home-built STM's (B1, B2) and
novel coarse positioning devices (B3, B4). Various calibration
methods (e.g., an inductive duphcement transducer and
Michelson interferometer) for the piezoelectric element, which
controls the fine position of the tunneling tip, have been

(B5). et al. have combined the STM with
the AFM for simultaneous i of the repulsive contact
forces and surface conductan tween a probe and sample
and present data for ;nphm (BS6).

's are now being integrated into multifunctional surface
analysis instruments where & number of measurements or
surface modifications can be perf: on the sample
removal from the instrument. Some of the combinations

include an opuul microscope (B7), molecular-beam epitaxy
lymm (BS), and IR reflection—edsorption spectrometer (B9).

Interest in ferro nc materials and superconductors
has lead, in o&h'nt of a magnetic force
microscope on tho S instrument can simul-
taneously measure topography ic forces between
aﬂm’blommt:pmdthoumpk 10, B11). Variations

on this technology include STM’s which can detect spin-po-
hrmc(lmn?i:m mmagne cstmcunula:.tahenwmc
scale or can detect spatially reso spin-po-
larized mf‘ from the sample with the
STM operating in ﬂu field emission mode (B!

Stoll and G i have com, atomically resolved
images of Au(110) 1 X 2 and Cu(111) tmn; both the con-
ventional and differential modes of STM (B14). ’I‘huuthon
conchude that the differential mode, which is &

dnunodtomdueomno,m\ﬂhmanmmm
the 1/ eompomnt Variations in the local conductivity and
y of or mho have been simultaneously

momtnnd uency component of
ma&y current noise (BI t‘ro'qu“m‘ ch::wd po-
tential microscope (SCPM) has been developed to measure

thermoselectric potential variations related to atomic scale
variations in the surface chemical potential gradient (B16).
The thermoslectric voitage produced at the tunnel junction
muﬁptndumwmchuhnud is measured si-
with the ammm. Koedic et al. have

oy of 8 biseed S p-n raserion (317,

regions of a p-n junction
YP;utal.( 18) have used a novel electric field effect to
mﬁph-oﬂtwmmloed beneath

ue allows for
ur-mdfnmmonmhcu.
The STM current can be enhanced or controlled by pho-
toexcitation of electronic transitions within the tunnel junc-
uon. _Voslcker ot al., fumtmeo have dlummud tunnel

'l'ltln[ of panome-

T TN g mmmm"mﬁ:e"
cum t

combined with a uency signal, is used to
obtal mﬂzmolvod ofmphmnndwcontrol
aition: withaus s etaras applor pam i image ac

bo:mubhfotthomadyofmhmln toltud
adsorbates at the STM interfece, Gnﬁtroomootd!mtdmy

thommhn;mwithmhnbunu,ommomtmth
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the adsorbate, and suppress the thermal contribution to the
tunneling current by modulating the amplitude of both beams
with a 180° phase shift (B2/). With this system, small changes
in the ing current induced by resonant optical excitation
of the adsorbate can be de . .

Several authors have described photon scanning tunneling
microscopes (PSTM), in which the tunneling of photons from
an evanescent wave originating at the substrate to a optical
fiber tip is monitored (B22-B26). Jiang et al. have constn
& high-resolution PSTM (80-nm resolution) employing a
AlGaAs diode laser (827). PSTM can be operatad to measure
photon spectra, isochromat spectra, and ar photon
distributions and to map local photon intensities. Photoas-
sisted scanning tunneling spectroscopy (STS), based on illu-
minating a semiconductor substrate tfunng imaging, has been
used to study WSe, (B28), Si(111) and Si(001) (B29), n-type
InP(100), p-type GaAs(100) (B30), Culi.Se, (B31), AL,Ga,_As
heterostructures (B32), and InAs,P, ,/InP quantum well
structures (B33).

A comparison of several iow-temperature STM's operating
in liquid helium has been reported (B34). Giessibl et al. have
constructed a UHV combined AFM/STM operating at 4.2
K (B35), and Cohen and Wolf have designed a microwave
coupled cryogenic STM (B36). Variable-temperature STM's
(B37) have been developed for investigating the substrate
structure and electronic properties of superconductors (e.g.,
Pb films (B38)), organic conductors (e.g., -TCNQ (B39)),
?lx;go l)a)yered transition-metal dichalcogenides (e.g., 1T-TaS,

Moeller et al. have used the thermal noise within the tunnel
junction to operate an STM at zero bias between the sample
and tir, thus allowing small differences in the potential (with
a resolution of 1 uV) at various g)oints on a polycrystalline Ag
sample to be detected (B41). STM systems with potentios-
tatic/galvanostatic control of the sample and potentiostatic
control of the STM tip have been reported (B42). (See also
section F). Yuan et al. have proposed a new method for
imaging nonconductive samples, such as biological comrlua.
which relies on the surface condensation of water molecules
to provide a m for the electric current (which is carried by
ions rather electrons) (B43).

New advances in AFM instrumentation include a high-
speed AFM (B44), a rocking beam electrostatic balance for
measuring small forces ( , an interferometer to measure
the cantilever deflection (B46), high ﬂ“mucision positioni
stages, and an X-Y scanner whose disp! ent is controll
by a two-dimensional optical interferometer (B47) or by a
two-dimensional optical beam displacement sensor (B48).

Techniques for measuring the surface photovoltage on
semiconducting samples using attractive-mode AFM have
been reported {B49, B50). The AFM potentiometer allows
measurements to be made in air with a spatial resolution of
a few tens of nsnometers and a voltage resolution of less than
1 mV. Denk and Pohl have used the AFM to i the local
electrical dissipation between the AFM probe and a layered
GaAs/AlGaAs substrate by monitoring the mechanical
during scanning (B51). Barrett and Quate have develo,

& scanning capacitance microscope based on the AFM which
can simultaneously monitor the capacitance between a con-
ducting u‘p and substrate and the film topography as a
function of lateral position (B52). The AFM employed in the
capacitive force sensing modé can be used to map the dopant
profile in semiconductors. Limits in the sensitivity and res-
olution of the method are described by Abraham et al. (B53).

The probe tip remains a major concern in STM, tunnel.in¥
:Komolcopy. and AFM measurements. Characterization o!

e atomic arrangement and chemical composition of atoms
at the tip remains important in understanding how these
parameters affect and o ic data. A combi-
nation of the atom p! and field emission electron energy
spectrometer have been used to characterize the atomic

tion of the tip apex (B54). X-ray photoelectron and
Auger electron spectroscopies have been used to identify the
primary surface contaminants on electrochemically etched
tg‘nsgun STM tips as CO, graphite, WC, and tungsten oxide

(
Several unusual STM tips have been described during the
t year. The tunneling characteristics and morphology of
o tips covered by adsorbed Si atoms (B56) was reported.
Venkateswaran et al. have reported staircase-shaped /-V
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tunneling curves in a oxidized Si up-graphite substrate
unction, resulting from a Coulomb blockade effect in the oxide
yer of the Si tip (B57). Ikebe et al. have discussed the

interpretation of i of graphite when a corner of a ReQ,
am’ﬂe crystal is as the tunneling tip in STM (B38).
e application of micromachined Si force sensors in AFM

have been discussed (B59), as well as etching techniques for
mass producing Si sensors (860). Hellemans et al. imaged
diamond tips and metallic tips in a tip-to-tip configuration
in the AFM and discuss the roles of the tip and sample on
the resulting images (B61). Drexler has proposed a ciass of
AFM-like devices that would allow imaging of the same sample
area with an array of molecular tips of atomically defined
structure (MTA) (B62). MTA's could have various chemical
binding sites which would enable local nanofabrication by
specific chemical interactions with the surface.

C. THEORY

Due to the relative novelty of STM and AFM as surface
analytical tools, the vast majority of experimental reports
consider, albeit at a qualitative level, fundamental issues re-
lated to ptoducin(g image contrast. In both STM and AFM,
the interaction of the probe tip with the surface are of par-
amount importance in i e interpretation and in surface
modifications and e (see also section E). The recent
literature cited below reflects these concerns. Questions
continue to arise concerning the ability to obtain high-reso-
lution images under conditions where strong physical and
chemical forces may alter the tip and/or substrate structu-e.

Theoretical studies focused on relating the surface electroruc
charge distribution to the contrast obeerved in STM images
continued from the 1980°s; a larger percentage of this effort,
however, is now focused on materials (solids and adsorbates)
other than pyrolytic graphite, which dominated the attention
of theorists for the past 5 years. Representative articles from
this field are cited in the following discussion.

The STM tip has been modeled as & polystomic crystalline
surface where the total tunneling current is the sum of the
currents from tip atoms to each substrate atom (C!). This
model can account for mgerper'\odic structures frequently

in STM images. sin(uﬁlltprinciﬁlu local density
approximation method with the tunneling Hamiltonian for-
malism, the arrangement of atoms (e.g., W, Pt, C/W, and TiC
clusters) at the tip apex has been shown to have a larger effect
on the STM image than the chemical composition of the tip
(C2). Tsukada et al. have also modeled the differences ob-
served in STM umw and STS curves for clusters (e.g.,
Wo(110), W guol. 1«[110], and Pt o[111]) with different
geometries (8 ).
dman and Luedtke have extensively studied the me-
chanics and dynamics of the tip-substrate interactions in STM
and AFM (C4). Using large-scale molecular dynamics cal-
culations, they simulatad atomic scale events occurring wuring
approach of a Au(001) tip to a Ni(001) substrate, the subse-

uent jump to point contact, and retraction of the tip from

the et G s s i 1 sppurst

or t, in tip-sample forces, in mea-

suromnulznd found agreement between calculated and ex-
e role o the g potential in the absence and

in the al presence

of surface states mn discussed by several authors (C6,

C7). Methods have been discuseed for determining the ef-
fective surface potential, based on mc-uring.tg‘o differentiai
conductance or on meesuring the apparent ier height at
various H separations (C8). The effects of quantum
states induced by the geometry of the tunneling barrier at
small tip-to-sample distances has also been discussed (C9).
Garcia has shown that negative resistance characteristics for
a tip~vacuum-Ni(100) junction can occur due to the presence
of localized surface berrier states (C10). Denk and Pohl have
solved Laplace's equation for & metallic or dielectric tip-to-
sample goom::?r and discuss the importance of electromag-
netic fields plasmons in inelastic tunneling and light
emission during tunneling (C11).
Sass and Gimsewski have qualitatively discussed the ap-
licability of the STM for studying electron transfer in so-
ution at the metal-electrolyts interface and the role of solvent
dynamics in the electron-exchange process (C12).
Ab initio quantum mechanical calculations have been used
to interpret the contrast in STM images of MoS,; and MoTe,

e it £




(C13). A two-band Peieris-Hubbard mode! was used to study
the superlattice phases in halogen-bridged mixed-valence
transition-metal linear MX chain complexes (C14). Using the
Landauer formula for the tunnchﬁ' current, good agreement
between calculated and experimental STM images for benzene
on Rh(111) has been obtained (C15). Joachim has also dis-
cussed the conductance of a single molecule in terms of
through-bond tunneling and through-space tunneling (C16).
The influence of small molecules such as water, ammonia, and
methane on the energy of the highest-occupied electronic
states of benzene, which are involved in the tunneling
mechanism, has also been considered (C17).

Theoretical calculations of the v'3 x v3 Ag/Si(111)
structure based on a honeycomb chained trimer model have
been presented and compared to STM images (C18, C19).
Kariotis and Lagally have modeled various terrace-edge
properties such as the distribution of kink lengths and edge
displacements on vicinal surfaces (C20). Molecular dynamics
calcuiations were used to model the reconstruction of the
$i{001) surface and determine the relative stabilities of the
¢(2 x 2) and (2 x 1) dimers (C21). Self-consistent quantum
chemistry cluster calculations were used to determine the
effecta o?biu and surface defects on the appearance of the
dimers in an STM image (C22). Tanaka and Tsukada have
used Green’s function method to obtain the local DOS in a
superconductor-semiconductor-superconductor junction and
have compared their results to experimental data (C23).

Interpretation of AFM images requires careful consideration
of the surface forces (dispersion, electrostatic, etc.) between
the tip and substrate. A general theory for AFM tip inter-
actions in the contact force regime which relies on taking force
derivatives along the surface to enhance the has been
described (C2¢). Girard and Bouju have used a seif-consistent
formalism to determine the dispersion equation of the coupled
ehmom.ﬁm‘c modes between a rough surface and dielectric
t&p d relate these resuits to AFM ing (C25). van der
aals interaction forces between a metallic ip and non;
dielectric have been modeled and related to the oper-
ating in the attractive mode (C26, C27). Various approxi-
mations used to relate the previously found dispersion rela-
tions to simpier models (i.e., continuum description, pairwi
summation models, etc.) have also been proj (C28).
[hmaa has modeled the vt:: der era forces between the
tip sample in AFM, on basis of macroscopic quantum
field theory, and shows that the VDW forces reflect the surface
dielectric propertiea. In addition, the presence of hi
liquids w the gap has been shown to reduce the VDW forces,
reducing the tendency for the tip to jump to contact with the
subetrate (C27).

Ducker et al. used the AFM to measure the force between
a silica sphere attached to an AFM cantilever tip and a flat
planar surface of NaCl and demonstrate that the forces are
consistent with the double-layer theory of colloidal forces
except at very short distances (C29). Krantzman et al. have
comptndmkuhudmnﬁommodoAFMMuoﬂhe
two cleavage planes of the (100) surface of D,L-leucine and find
that they are vi indistinguishable if the tip is modeled
a8 a cluater (C30). In contrast, a distinction between the two
surface planes may be mads if one monitors the varistion in
topography es a functiom of force in different scans. Ab initio
total-energy calculations of the interaction potential between
graphite and Pd have besn reported (C31). The atomic scale
modulation of the friction force and the stick-slip motion at
the intarface of the Pd/ g;;hiu systam in a friction force
microscope is discussed (C32) and used to model the effects
of long-range VDW forces on the tip-substrate interaction
(C33). Fomdneul.havoahomloyodn tical model
of tip-substrate interactions in to discuss discrepancies
between the thickness of lubricant films as measured by AFM
and ellipsometry (C34).

D. INTERFACIAL STUDIES

‘ D.1. Metal Sg‘fml:‘nd C:mun. ST?( is wogl:::tad
'or investigating the nucleation growth of metal on
atomically flat metal and semiconductor substrates. A sig-
on sres, with particular sttention given trahi

vacuum studies of well-defined subm-manl deposition
on insulating substrates, such as polymer films, can be in-
vestigated using AFM but has not been as extensively re-
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searched. The large body of literature describing STM and
AFM investigations of metal films and clusters ﬁmhxbu an
extensive survey of the literature in thia field; the following
sections are intended to indicate current research activities
and to demonstrate the capabilities of scanned-probed
methods. The literature is organized by the nature of the
substrate (i.e., metals, semiconductors, insulators, etc
Specialized and related research areas, including surface re-
constructions and ion-implanted surfaces, are reviewed below
in separate sections.
Metal Substrates. Au single crystals are often chosen as
& substrate for nucleation and studies due to the choice
of several preparations that yield clean, atomically flat sur-
faces. Chambliss et al. studmj the inhomogeneous aggregation
and growth of Ag in the monolayer regime on Au(111) D7+,
This same group found that Ni deposited on Auilll) nu-
cleated in ordered islands commensurate with the « 3 x 22
reconstruction (D2, D3). In other studies, the deposition of
submonolayer coverages of Fe on Au(111) yielded polygonal
(fce structure); however, at three monolayers, a tran-
sition to the bee structure occurs (D4). The electrocrystal-
lization of Cu on Au(111) was found to preferentially nucieate
at defect sites and step edges (D5). ! ussen et al. inves-
tigated electrocrystallization of Cu on Au(111} and Aut100)
(aBd& obeerved quasi-hexagonal and hexagonal adlayer lattices

).

Poetachke and Behm have studied that the interfacial strain
between Cu and Ru(0001) using STM. A structural trans-
formation from the more tightly bound first Cu layer to a
unidirectional con i second Cu layer was observed (D7)
Poetachke et al. also studied the deposition of Cu and Au films
on Ru(0001) and found that differences sxisted in the two-
dimensional of the metals (D8).

Pyrolytic Graphite. Metallic clusters have been studied
extensively on highly oriented pyrolytic graphite (HOPG),
which serves as a model substrate, having been well charac-
terized by STM during the past decade. Schleicher et al.
observed ~10-nm diameter Ag and C particles on HOPG and
found that the particle surface concentration and shape dif-
fered from that expected based on TEM studies (D9). Tip-
particle and /or particle-surface interactions were proposed
to be the source of the observed discrepancies. The initial
stages of Au film formation on HOPG was reported to occur
by eodcoeene(o Dolfox;nicqr'gzlmun. ~2-{‘))f m S)i-n di’\meter. ix;w

iaslands . reparation of ~5-nm Au particles
on HOPG has aiso been &cuned (D11). Womelsdorf et al.
studied the effect of different aggregati ents on the de-
position of Au colloidal suspensions on HOPG and found that
ionic salts deposited with the gold formed an ordered hex-
agonal lattice (D12). Becker et al. found that Aug clusters
deposited on HOPG are stabilized by chemical bonding of
phosphine to the Au surface (D13). Au and Pd clusters de-
posited on HOPG and Au were studied by Van de Leemput
et al. (D14) who imaged ligand-stabilized A%(PPh&uC  and
Pdon (Phe) s, mages ofthe clustars obtained wi a duster
attached to the tip are also interpreted in tarms of the tunnel
distance. Ona scale, Strons et al. studied Au thermally
evaporated on HOPG and found the islands were approxi-
mately tri - or diamond-shaped and composed of
stacked layers of (111) planes (D15).

Kojima et al. on the deposition of 4-nm Pd clusters
on H Pthichoodaeodlndmg)ituinnydomthe(lu)
direction (D16). Siperko studied a Pd-Sn catalyst adsorbed
on the basal plane of HOPG and found that the catalyst

icles formed a ordered array (D17). Subsequent electroless

u deposition over the ca icles resulted in & uniform
coating of Cu. Kennedy et al., using STM and AFM, inves-
tigated the nucleation and of a Pd colloid, followed
by deposition of slectroless Cu, on HOPG for optimizing the
?Dn;g;dum used in manufacturing multilayer circuit boards

Yeung and Wolf studied Pt catalysts prepared by im-
p tion and ion exchange of the gtncunox salt solutions
on HOPG (D19). The annealing of Pt thin films deposited
on HOPG was investigated as a function of temperature (D20).
Electroni¢ surface perturbations of the HOPG lattice near Pt
particles have been attributed to periodic charge denaity
modulstions (D21, D22).

Semiconductor Substrates. The atomic structure of sem-
iconductor-metal interfaces dominates the electrical properties

ANALYTICAL CHEMISTRY. VOL 84 NO. 12. JUNE 15 1902 « 119 R
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of many microelectronic devices. Scanned probe methods are
capable of resolving the atomic surface position of metal
adatoms during the firat stages of metal deposition, thus
Parqvadmg a means of obtaining detailed experimental corre-
tions between structural and electronic properties. As ex-
ed, investigations of metal deposition on Ge, Si, and GaAs
dominated the research activities in this area. N

Bremer et al., using AFM, showed that vapor deposition
of Cu on Ge substrates formed thin films by coalescence of
small atomic aggregates of Cu atoms (D23). They also in-
vestigated the morphology and oxidation state of the film after
exposure to ethylene oxide. Leibale et al. found that Sb films
exhibit different morphologies when deposited on Ge(110)
depending on the temperature during deposition (D24).
Krausch et al. studied In films on Ge(100) at room temper-
ature and found that, even in the submonolayer range, In
island growth occurs in three dimensions and the films are
rough up to several hundred monolayers (D25).

Yang et al. have studied the interface between thermally
evaporated Ti on GaAs(110) (D26). These same authors have
also examined Ag nucleation and growth on GaAs(110) at 300
K and have found Ag'acoms nucleate with no preferential
orientation on the substrate and grow into clusters of ~250
atoms (D27). Continued deposition resuits in the growth and
coalescence of the clusters, with preferential orientation oc-
curring at ~5 monolayers. Trafas et al. have studied the
pucleation and growth of Cr overlayers on GaAs(110) (D28).
Their studies indicated that the initial Cr adatom surface
mobility is high due to weak chemisorption to the GaAs
substrate and that adatoms show a preferential clustering in
the {211] direction. Disorder in the clusters was attributed
to intermiging of the Cr with Ga and As atoms. Phaner et
al. have com; the morphological difference between Au
vapor-deposited on n-GaAs and an autoactivated electroless
Au film on the same n-GaAs sample (D29). Clustering of Al
atoms deposited on p-GaAs(110), with preferential nucleation
of Al over the Ga sites, has also been investigated (D30). The
morphology of epitaxial fcc Co/Pd(111) superlattices grown
on GaAs(110) was reported by England et al. (D31).

Bauher has used various techniques, including STM, to
develop a structural model for the 5 x 1 me observed in
the Au/Si(111) mtem at low coverages (D32). Hasegawa et
al. have studied the initial s of Au growth on Si(111) and
found that, at low coverages, the Au-adsorbed 5 X 2 structure
does not interfere with the Si 7 X 7 structure (D33). However,
the Si substrate begins to show the 5 X 2 structure with
increasing Au coverage. Similarly for low coverages of Pb on
Si(111) 7 x 7, the Pb atoms cccupy sites above and hetween
U8 Sl e S s, e

X ving & Si:Pb ratio of 1:1, ap i

i &)84). Nogami et al mvu?udumm

on Si and showed that Al forms rows of adsorbed dimers which
are perpendicular to the Si dimer rows of the Si(100) surface
(D35). As the coverage of Al is increased, local 2 X 3 and 2
% 2 phases develop, which then evolve into a 2 X 2 array of
dimers at ~0.5 monolayer. At r surface coverages, Al
clusters grow on the 2 X 2 surface. ot al. studied the

growth of Al films ited on Si wafers from di-
methylaluminum hymmﬂ). Their studies indicated
that the morlem islands is i tl:'ed.:f::: llu-
mination, out migration toms
(D36, D37). i ot al. have studied the adsorption of
alkali-metal ions, including Li, K, and Cs, on Si(111) and
Si(100) by means of field-ion STM and find that the alkali-
metai atoms are aimost completely ionized on the Si(111) 7
X 7 surface; & small charge transfer occurs on the Si(100) 2
x 1 surface (D38-D41). An extensive set of total-energy

force calculations have been used to model the interaction of
(‘ll)hzl'i) metals on Si(001) 2 X 1 at different surface coverages

42).

Elaswijk ot al. have reported investigations of Sbh deposita
on Si and observed that, at low Sb coverages, the adatoms
substitute for Si in the 7 X 7 reconstruction of Si(111) (D43).
At ~1/3 monolayers, the distorted 7 X 7 structure as well as
8 v'3 %X v3-R30° reconstruction was observed while at full
monolayer coverages, a1 X 1,2 X 1, and a second v'3 X v3
reconstruction ware observed. The electronic state density
of clean Si 7 X 7 was com| to these Sb adlattices. Nogami
ot al. found that the surface was terminated ina s etric
Sb dimer structure and the Sb grows as additional layers of
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dimers rather than substituting for the topmost laver of $
dimers 1D44). An Sb dimer structure was 2130 fomﬂeon fn?;
Si(001) 2 X 1 surface (D45, D46). Baski et al have also studied
the evolution of In-induced reconstructions on Sit100) 2 x |
?)s 4; )f\mcuon of temperature and In surface coverage (D47,
Other metal deposits on semiconductors studied by ST?
e o B e o
) .Smon 110) (D52). S on GaAs (D33),

and Au on GaAs(110) (D54). ,

Insulating Substrates. Metal depoeition on mica has been
reported by numerous research groups (D55). Rabe and
Buchholz rved that surface modification " Ag(111) films
egxnxmll grown on mica was caused by field evaporation of
the sample or tip material and not by current effects D56
Colchero et al. used AFM to study Pd clusters evaporated on
mica in UHV (D57). The authors found that the truncated
trigonal shape of the clusters had a diameter to height ratio
of ~10, ugree\nﬁ with TEM measurements. Buchholz et al.
compared Au, Pd, and Cr films evaporated on mica at various
substrate temperatures and found that epitaxially grown
Ag(111) films evaporsted at 275 °C exhibit the largest and
flattest terraces (D58). dc sputtering, ion beam deposition,
and thermal deposition of various metallic films have been
compared using STM (D59).

Dawson et al. studied the surface roughness of Ag films
deposited on glass and CaF, and com these results to

those obtained from surface-enhanced Raman s 08COpY
(SERS) (D60). They s t that the small SERS signals
obtained on fast-deposi: films are the result of the small

grain size, leading to an incresse in the elastic scattering of
surface-plasmon polaritons at the E%n boundaries and sub-
e ormicin e A, Bl deopainal. Vamada et ol

atomically flat Au eposited on unide and

i0, using an ionized & correlation
of the film surface with acceleration voltages (D61).
Similar studies of Au deposited on silica by evaporation

and ion-assisted deposition were reported (D62).

Surface Reconstructions. The reconstruction of single-
crystal metal surfaces on exposure to various adsorbates, in
Ecgﬁcuhr oxygen, has been studied extensively by STM.

sing AFM, Weisenhcrm et al. i the v3 X v3-R30°
structure of Bi(111) in air (D63). Using STM, Meyer et al.
found that the W(001) surface formed a two-domain 2 x 1
structure after the oxygen covered surface wss annelaed at
>1000 °C (D64). They also confirmed the missing-row model
for the 2 X 1 structure and showed the preferred location for
the O atom was either over a 3-fold ho site or over a W
atom in the sacond layer.

Kopatzki and Behm discues image contrast mechaniams for
features observed on o;ydpn-covond Ni(100) surfaces (D65).
Haase et al. investi the missing-row reconstruction of
the (110) tarraces of Ni(771) when exposed to oxygen (D66).
Baesumer et al. showed that Ni(100) exposed to O, forms & 4-5
layer thick film of NiO(100) comprised of 50-A crystallites
(3'67)_ . A large mismatch in the lattice constanta of Ni and
NiQ causes strain between the metal and oxide layer and leads
to defect sites between the NiO islands.

Besenbacher et al. studied various metal and semiconductor
surfaces, including Cu, using STM and found similarities in
the final oxygen-induced reconstructions of these materials;
however, the growth modes were different (D68). Kern et al.
studied the Cu{110{ 2 X 1 O surface and found that anisotropic

Cu-O islands are arranged into periodic strips the (001)
direction (D69). mmmwmm.pndm
on the oxygen coverage and temperature. Wintterlin et al.
studied the diffusion of Cu and O atoma in the reconstruction
of Cu(110) and found that the rate-limiting step in the
transformation of the 1 X 1 to 2 X 1 reconstruction was the

dxmdeuambunu?sd jons (D70). In addition,
it was observed that linear “m ings stabilize the
growth of the 2 X 1 islands. Similarity, when Ag(110) is
exposed to oxygen, one-dimensional linear Ag-O-Ag chains
were observed (D71).

Niehus et al. studied the nitrogen-induced 2 X 3 recon-
struction of Cu(110) and discussed the hi directional
interactions between the Cu-N-Cu bonds determines the
o of G0} peommeds s boanageneous hucieation
construction of Cul via n on
at low coverages and anisotropic growth along (110) at higher
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ccverages (D73). Ogletree et al. studied the sulfur-induced
reconstruction of the basal plane of Re (D74, D75).

Roberta et al. found that air or water vapo: injected into
a controlled environment STM induced in the surface
.moblhtigf an annesled Au surface (D76). Haiss et al. have
imaged both the unreconstructed and +'3 X 22 reconstructed
Au(111) surface in air and in triethylene glycol or propylene
glycol (D77).

Gimzewski et al. studied the formation of antiphase
boundaries on Au(110) 1 x 2 and found that the nucleation
and growth of the 1 X 2 phase occurs predominately by mass
transport via kink sites (D78). These authors also discuss the
importance of domain boundaries in stabilizing unfavorable
surface structures (D79). The influence of steps on the for-
mation of missing-row reconstructions of Au(991) has been
teported (D80). Au(991), which is a vicinal Au(110) surface
with (111) steps parallel to the close-packed rows, has terraces
which can accommodate two missing rows. In addition, ex-
te:l:éi regions of the stable Au(551) 1 X 2 phase were ob-

served.

Miscellaneous Studies. Ion implantation of nobie gases in
metal surfaces frequently generates surface defects that can
be readily identified by ’I&l Michely and Comsa observed,
for instance, that bombardment of Pt(111) with 1-keV He*
ions caused vacancy islands, an increase in the density of
dislocations, a large density of adatom islands, and
raised surface areas with subatomic heights resuiting from He
bubbile formation (D81). Kr* implanted into Ti also produced
& raised surface in areas where ions had implanted (D82).
Michely and Comsa aiso examined the morphology of Pt(111)
mfmnaﬁlncﬁonofm%mebo before and after
sputtering with 600-eV Ar* ions ). A transition from pit
formation to layer-by-layer removal of the Pt surface was
observed, and the role of vacancies and thermally excited
adatoms was discussed. Lang et al. studied the erosion of Au
films bombarded with Ne* and derived enervé-de ndent
w)uyh&mdmurmdhcﬂmﬁomfmm images

Tench et al. compared clusters formed in laser-induced
ablation of Si, SiC, Pt, and UQ, and evaporation of Ui i
laser ionization time-of-flight mass s metry and S%ﬂ
All the clusters observed in the images were approxi-
mndytbmlh,mﬁmsmnqwumbhuchniqm
erching 40 apiat.cooting of Noa o eloy amcorestallive
etchi aplat ing o 1oy alloy nanocrystalli
and the effects of laser quenching on the crystal morphology
(D86). The use of ballistic electron emission microscopy has
been reported in investigations of metal-metal and metal-
semiconductor interfaces (D87-D89).

DeKoven eyers found that polycrystalline Fe surfaces
0

exposed sther exhibited two distinct
friction ients which od to two morphologi-
cally different regioms on (D92). Endo et al. have

the

rescluticn images of Pd, Au, and Mo under

diffusion pump oil affer etching in HF and conclude that the
Niorelard used STRE B beatpe e e it e and
on the surface of a hard diak (D9¢). Tu‘:‘fotal.haveinm
o e e tilayer thin filma
on spu , oa-

tures obeerved by are interpreted in tarms of the energy

distribution of the inert gas atoms.

Scrwdinloation:,.(ul)h. ll_loch,'sutfgiggé'aluml:
tetrahedron, etc. on ve bean investiga y
(D96). Everson et al. have studied the differences in the local
density of states (DOS) on flat Au(111) as compared to that
on monostomic steps and pits and narrow terraces in UHV
D97, Mmkm&wndm-hmmmms
while narrow tetraces have essentislly the same surface DOS
s the flat Au(111) plane. Fm‘algmh of Au deposits has
been investigated using STM (D$8).
Lankford and Longmire

fiber-reinforced Ti,A! composits and com the results
o i frow SER o and compared the rsaults

MICROSCCPY
Kopp applied STM to the study of several stainiess steeis
{D100).

The effect of surface plasmons on the tunneling current
between a W tip and polycrystalline Ag film have been re-
ported (D101). Plasmons results in an increase in the tun-
neling current of 50 pA and have & different dependence an

tunnel gap separation than the normal nmneE:; currents.
Spectroscopic measurement of light emitted between various
metallic tips and substrates was obtained by Smolyaninov et
al. (D102). They found that the energy of emitted photons
was less than the voltage applied to the tunnel junction and
compared the voltage of the emission maximum to the surface
plasmon energies in the junction. The angular dependence
of the light emission intensity was monitored to investigate
surface plasmon polaritons on an Au thin film (D103).

D.2. Semiconductors. Investigations of semiconductors
by STM frequently includes correlation of surface features
with the density of electronic states. The latter are measured
by local tunneling spectroscopy (TS) or scanning tunneling
spectroscopy (STS). Data are frequently presented as (d/’
dV)/(I/V) vs V spectra, where [ is the tunneling current
obtained at a tip-sample bias, V. The quantity (dI/dV)/([; \)
represents the differential conductance (dI/dV) normalized
to the integral conductance (I/V). This method of plotting
the /-V data yield “spectra”™ that are correlated with electronic
surface density of atates (DOS). Fan and Bard, for instance,
have obtained STM images and /-V curves of & highly doped
n-type FeS, (001) crystal in air (D10€). The [ vs V data are
discussed in terms of the band locations, localized states in
the band gap, and band bending. In other studies, STM is
used in conjunction with photon biasing to obtain electronic
parameters and to measure minority-carrier losses at surface
defects (D105). Zhao et al. have used STM, STS, and optical
W to characterize CdSe particulate semiconductor

on dlocudecyldmethmnmomum bromide monoiayers
(D1086). In these studies, STM was used to determine the size
of the CdSe particles and their degree of interconnectivity.
while the spectroscopic data were employed to quantify the
rectifying semiconductor behavior of the ensembie. In similar
studies, the morphol and spectroscopic properties of
size-quantized particles on various substrates
including cadmium arachidate, zinc arachidate, or metal-
ion-coated monolayers was investigated (D167, D108).

Feenstra and Lutz have used STM to study the transfor-
mation of the Si{111) 2 X 1 structure to the 7 X 7 structure
as a function of time and annealing temperature (D109). An
observed 5 X 5 structure is consistent with the dimer-ada-
tom-stacking-fault model; a =-bonded chain structure is
confirmed for the 2 X 1 structure (D110). Theory predicts
that buckling in the v'3 X v/3 reconstruction lowers the
surface ewme Si(111) surface; however, the lower en-
ergy2X 1 »- chain reconstruction can occur if defects
are abeent (D]11). First-principle electronic states calculations
have been used to simulate the negative differential resistance
observed in STS data on the Si(111) v3 X V'3 structure
(D112). Kitamura et al. have observed the 1 X 1 to 7 x 7
surface reconstruction of Si thin films above 800 °C and report
step formation and :xntion during the process (D113).
Tarrach et al. have studied the Si(111) 7 X 7 and Si(001) 2
X 1 reconstructions in the vicinity of step edges and have
abserved buckled dimers on the latter surface (D114). In
addition, they have investigated the structural transitions on
laser-irradiated Si(111). et al. have imaged the empty
and filled states in the Si(113) surface and conciude there is
strong evidence for & 3 X 2 unit cell and explain reports of
a 3 X 1 reconstruction in terms of the density of domain
boundaries (D115). Sugihars et al. bave observed individual
dimer atoms, in the occupied state images of Si(100) and
discuss the role of elastic deformations on the observed image
(D116). A Ginal Landau model is used to model dis-
crepancies between STM images, , and scattering ex-
periments. In this latter -tud{ the Si rs are allowed to
assume a tilted configuration DI17). Brocks et al. have also
used first-principle total-energy calculations to calculated the
activation energy for diffusion of an Si atom parallel (0.6 e\)
and perpendi (1.0 eV) to the dimer rows on Si(100) and
propose that one-dimensional bopping of adatoms should be
observable at low tempaertures using STM (D118).

STM and STS data have been reported for oxidized n- and
p-type Si(100) and p-n junctions formed by implantation of
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P into B-doped Si wafers (D119). Kordic et al. have used a
two-dimensional STM to image the contrast between p- and
n-type regions in a biased Si p-n junction (D120). Hessel et
al. have mapped the distribution of dopant around an im-
plantation mask edge and found high doping levels corre-
sponded to an ohmic /-V curve, whereas, low dog;ng levels
displayed a Schottky barrier behavior (2121). STM has also
been used to measure the three-dimensional impurity profile
of B in a metal-oxide-silicon structure (D122). Comparison
of this method to results from secondary ion mass spectrom-
etry and spreading resistance methods shows that the acti-
vated boron impurity concentration is measured rather than
the total boron concentration.

Several authors have used STM to measure the surface
hotovoltages of semiconductors such as Si(111), Si(100),
nP(100), and GaAs(100) when illuminated with laser irra-

diation (D123, D124) or monochromatic light (D125).

The mechanism of adsorption and desorption of H and O
on Si is of interest in microelectronics processing (D126-D132).
STM images s a SiH, species on the Si(111) surface after
exposure to HF (D133). AFM images of Si etched in 48% HF
show a disordered surface, while those etched at pH 5.5 or
9 in HF /NH_F show a well-ordered hexagonal structure (D134,
D135). In addition, differences exist in the surface morphology
of etched Si surfaces after exposure to aqueous solutions of
differing pH'’s. Carrejo et al. studied the fractal topography
of polysilicon films under dilute HF solutions and observed
t?)at t)he surface roughness increases with film thickness
(D136).

Avouris and Lyo have studied the interaction of 8i(111) 7
x 7 with H,0 and O, and propose a dominant dissociative
chemisorption mechanism for the H,O interaction (D137,
D138). Pelz and Koch have proposed a two-stage mechanism
for O reacted on Si(111) 7 X 7 at 300 K, based on topographic
images (D139). Annealing the surface at 625 K changes the
number and site preference of the two stages markedly.
Kobayashi and Sugii proposed that the thermal desorption
of native oxides on Si(111) occurs by the formation and lateral
growth of voids rather than layer-by-layer growth, in agree-
ment with RHEED and AES measurements (D140). TS data
on ultrathin Si0,/Si structures and H-terminated Si surfaces
yielded normal and defect site spectra in the former case but
only normal spectra in the later case (DI14]). The defect
spectra show negative differential resistance, which has been
aﬂcnbe:ll to resonant tunneling through localized defects in
the oxide.

Several researchers have used STM to study the topography
and electronic properties of faults (D142), kinks (D143), grain
boundaries (D144), and steps (D145-D150) as well as step
motion (D151, D152) on Si and com| these properties to
theoretical calculations (D153-D156). Hartmann et al. have
discussed the usefulness of the STM as a tool to study the
{B\;%hnmn and surface topography of polished Si wafers

Nucleation and growth of Ge overlayers is deacribed for
Si(111) 7 x 7 (D158) and Si(001) (D159) substrates. Mo and
Lngally investigated the anisotropy in the surface migration
of Si and Ge on Si(001) and found that surface migration is
>1000 times faster |lonb the substrate dimer rows than
perpendicular to them (D160, D161). Alvarez et al. have
studied the i wth of FeSi and FeSi, grown
on Si{100) using and find that the presence of surface
stepe on the Si induces a more epitaxial &'.\wth (D162).

Klitaner et al. studied the oxidation of Ge(111)-c 2 X 8 as
a function of temperature and found that at room temperature
the primary nucleation sites are boundaries between domains
of different orientations of the ¢ 2 X 8 reconstruction, defects,
and disordered adatom regions (D163). At higher tempera-
tures, the oxide nucleates uniformly suggesting that the ¢ 2
X 8 reconstruction is degraded at elevated temperstures.
Hirschorn et al. obse buckling of the Ge(111)-c 2 X 8
surface upon annealing (D164). Conversion of the Ge(111)
2 % 1 surface into the ¢ 2 X 8 surface upon has been
reported (D165). Surface disorder in the ¢ 2 X 8 region, was

ested to be the result of surface adatom diffusion in the
(001) direction {D166).

chrocBit.uid films of Ge on Si{100} (D167), GaAs on
InP(001) (D168), InGaAs on GaAs(100) (D169, D170), GaAs
on GaP(001) (D171), Sb on GaAs(110) and InP(110) (D172),
Bi on GaP(110) (D173), and As on Si(100) (D174) have also

1228 « ANALYTICAL CHEMISTRY. VOL. 84 NO 12 JUNE 15 1992

been investigated by electron-tunneling techniques

Multiquanturs well (MQW) structures, such as GalnAs . [nP
(D175-D177), GaAs/AlGaAs (D178, D179), and InCaAs
InAlAs (D180) and the effect of doping these structures have
been investigated by STM. Electron-tunneling images of the
MQW structures reflect the shape of the MQW potentiaj

Luminescence induced by electron tunneling hes been used
to study III-V heterostructures, such as Al,GA, ,As 1D1x;-
D183). Information on the band-bending, the conduction-
band discontinuity at the interface, trapping centers associated
with defects and impurities, etc. can be obtained using this
technique.

Combined STM-~luminescence studies which examine the
surface morphology, including reconstructions, terrace widtha.
kinks, and steps, of GaAs(001) wn by MBE have been
reported by a number of researchers (D184-DI187). McCov
and Makaym have also performed Monte-Carlo simulations
to model the MBE growth of the 2 X 4 reconstructed GaAs-
(001) surface and find the results correlate well with STM
images (D188). Similar STM studies are reported for (sa-
As(110) (D189, D190).

Bonnell et al. have used tunneling spectroscapy to detect
the photoexcitation of charge carriers in wide band-gap sem-
iconductors such as ZnO and cubic SiC (D19]). Valence-to-
conduction band transitions were detected for the SiC sampies,
while charge-transfer transitions from the dopant levels were
observed for Zn0. In addition, the tunneling s; of ZnO
wudumdbyoonﬁn\nue:lroomwulm et light. Rohrer
et al. also have used spatially resolved TS to investigate the
effect of different surface treatments (e.g., annealing and
exposure to air) on terraces and grain boundaries of ZnO
(D192). STM was used to investigate the geometric and
electronic structure of Zn(0(0001) (D193). Steps on the surface,
which are composed mainly of (1010} and (1120) faces. in-
troduce mid-gap electronic states in the -V curves.

The atomic arrangement and defects on n- and p-PbSe(100!
as well 2s MBE layers of PbSe on BaF, have been investigated
by STM (D194). In the case of the MﬁE layers, the (100) and
(111) orientations of PbSe occur preferentially at specific
substrate temperatures. Foecke et al. have measured the
crack-tip mor] and upeets along the flanks of the cracks
in PbS and Si. They discussed the effect of STM tip geometry

scan conditions on the image of the resulting cleavage
crack (D196),

Rohrer and Bonnell studied TiO, and monitored local
:Brli;éi)om in the surface Ti:Q stoichiometry using STM

D3. Superconductors. The microscopic properties and
conductance spectra of si films of I‘?bbr:uve been
studied at 4.2 K uling S (D197). By cooling the films
under a magnetic field of 0.1 T, a vortex corelike structure
was odh:;rved dffg} Lov;-bt&mponnm tunneling spe;:;ros-
copy on InAS superconducting system shows
howtheloaldemityofelocmnicmmomh layer was
modulated by the “:v:serconducﬁng Nb layer (D199). Thom-
asson et al. have STM to monitor smoothness and
measure the thickness of NbCN tunnel junctions (D200).
Chen et al. obtained i and spectroscopic data from 4
K to 400 K on Pb films found that there are sharp changes
from the expected N-I-S tunneling characteristics to normal
tunneling conditions at certain regions in the film (D201).
Using :g:ﬂ.rolcopic messurements obtained at low temper-
ature, the density of electronic states in a superconducting
vortex core in Nb,_, T' been meas as a function
of the disorder in the system (D202).

Several researchers have used AFM and STM to investigate
the growth, surface structure, including the presence of dis-
locations and their sffect on flux pinning, and effect of etc!
of Cuy0-4 films and superlattices of YBa,Cu,0, 4 an
PrBa,Cu,Or., (D203-D208). Moreland and Rice have used
low-temperature tunneling stabilized tic force micros-
copy, where the tunneling tip is made of a flexible magnetic

material, to i the to%nphy and magnetic forces on
ramplu of Yl}l;s\x,(), (D209). Prolitglix:.uyddnp show that
arge magnetic forces are acting on the tip during scannin,

at 48 K. STM and AFM have also been used by sever

researchers to characterize the morphology, tunneling char-
acteristics, effect of O depletion, and effect of etching at room
and low temperatures of Bi,Sr,CaCu,0, superconductors
(D210-D217). Samanta et al. have the incorporation




ofOintoa ;h’iﬁb-T Bi/cuprate-based superconductor and use
TS data to relate this phenomenon to the subsequent decrease
in the T, of the superconductor (D218). Wang et al. have
characterized the morphology of superconducting Pb-Bi~
Sr-Ca-Cu~0 single tals using STM (D219). Surface
etching of singl ’!‘lgguac,Cu in air has been ob-
served using 220). has also been used to identify
the metallic near-u'isoul and semiconducting orthorhomic
structures of T1,CaCu,Be,0, and T1,Ca,Ba,Cu;0,, single
crystals (D221).

D4. Layered Compounds. Layersed metais and semi-
conductors can be cleaved to yield e-area, atomically flat
surface regions that are ideal for high-resolution AFM and
STM studies. In addition, the materials and electronic
properties of layersd compounds, accentuated by their low
dimensionality, is rich but less well investigated than most
conventional metals and semiconductors. In particular, charge
density waves (CDW) and other supraatomic surface struc-
tures resulting from crystallographic mismatch of the outer-
most surface layers has been heavily ressarch during the past
years.

Parkinson et al. have imaged the periodic distortion caused
by the van der Waals interaction between epilayers of tran-
sition-metal dichalcogenides (TMD's) grown by molecular
beam epitazy onto other TMD's (D222). Epilayers of MoSe,
deposited on various substrates by van der Waals epitaxy ahow
novel surface structures which resuit from lattice mismatch
(D223). Heckl et al. used STM, AFM, and SIMS to investigate
2-nm scale ring structures on the surface of naturally occurring
MoS, (D224). The differences between the natural and syn-
thetic (ringless) forms of the material are in terms
of the fossilization process and electronic effects caused by
point defects. .

The observation of a negative differential resistance in the
current-voltage curves for 2Hb-MoS, in UHV has been dis-
cussed in terms of a perturbation of the energy density of
states by a contamination-induced peak, charging of electron
traps, and resonant tunneling in a double-barrier quantum

structure (D225). Parkinson et al. have discussed atomic
resolution STM and AFM images of ReSe, in terms of DOS
calculations and proposed four crystallographically distinct
surface Se atoms (D226).

Wu and Lieber have used variable-temperature STM to
investigate the nearly commensurate charge density wave
(CDW) phase in 17-TaS,. The commensurate CDW has a
hexgom? domain structure whoee period was temperature
dependent (D227). Slough et al. found that the CDW am-
plitude in 1T-TaS, at room temperature shows a long-range
modulation which gives rise to a two-dimensional ISnttzem of
domainlike regions rotated with respect to the CDW super-
latice (D228). Burk has also imaged the domain structure in
the nearly commensurate CDW phase of 17-TaS,. The fine
;:rt:‘l‘l:}e s'.rt;ducturo has been idontiﬁ:glm.unmg' Fouri:.r&tnns-

images, in agreement wi un%l:tud lomain
and phase-domain model of Nakanishi and Shiba (D229). Nb
impurities in the incommensurate COW phase in 17-TaS,
have been shown to cause dislocations resulting in random
rotations of the CDW. The results are di in terms of
weak ?mnml and the existance of & hexatic CDW phase
(D230). Sukamk&udhwow&%mm?gfsz
mchnﬁ' boundary of nessly commensurate sin 1T-
caused by intercalated Ta stoms (D231).

Garnses et al. have used AFM to image the commensurate
CDW structure on 1T-T the incommensurate CDW
structure on 17-TaS, and 17- and 2H- (the latter
dounoftc%o;nCD (ltroomum n:,un.(gi ). Tl:;eﬁ
types of vertices (triangular, ic, hexago
imaged on lT-TaSQﬁ in air at room temperature have been
described (D233). Using atomically resolved STM images,
Gammie et al. have analyzad the structure of 0-TaS, (D233a).
Dai ot al. hnva .nlhown that the tthD mod:lfa chains 4m2t?(°
NbSe, unit ce carry a strong tion at 4.2 K,
in disagreement with previous results (D234). At higher
temperstures, the CDW is localized on only one peir of chains.
Synchrotron si intenaity data suggest a difference
in the CDW modulation along the different chains in NbSe,
(D238, D236). W%u al. have mesaured the CDW ene;

in 1T.T. - 1T-V8Se,, 1T-TiS,, 2H-TaSe,, 2H-
and 2H- and a systematic of the
CDW strength on the materials properties (D237).
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Alkari et al. have monitored the growth and onentation !
equilateral triangles from clusters following a voltage puise
aBpliod between the tip and an atomically flat WSe, surface
(D238). All the triangles were found to have the same orni-
entation with respect to given orientation of the substrate,

ing the 6-fold symmetry at the atomic Se aurface 1o that
of 3-fold symmetry at the molecuiar WSe, layer. Van Bakel
et al. have imaged the trigonal symmetry of the TiS, lattice
as well as several other new features (D239). A model in-
volving displacement of Ti atoms is presented o account for
the observed features.

Saulys formed pits in the surface of Nag;MogO;4 by briefly
increasing the bias voltage or tunneling current between the
tip and the sample (D240). Explanations for the change in
the pita with time, forming either faceted or rounded shapes.
are discussed. Rudd et al. have also imaged Na,,Mo,O.- and
Rb,3MoO, and discuss their images in terms of the defect
creation techniques, the relative defect stabilities, and CDW's
of these materials (D2¢]).

D.5. Carbon. Because of the ease of surface preparation.
highly oriented pyrolytic graphite (HOPG) continues to be
frequently used as a substrate for i ing molecular adsor-
bates. Cloemmer et al. (D242) and Chang et al. (D243), how-
ever, have imaged a number of anomalous surface features
on bare graphite surfaces which are strikingly similar 1o
structures previously identified as molecular adsorbates. in-
cluding images of DNA and polymers published in the late
1980's. These reser rchers general problems asso-
ciated with using HOPG as a substrate.

Siperko used STM to obeerve various features, including
hexagonal etch pits, steps, and crystals, on graphite surfaces
mcxlﬁ.umilo 3 ic graphite, benzene-derived graphite,
and triphenylene-derived graphite (D244), Several authors

ve superperiodic hexagonal domains on the surface
of HOPG both in water and under solution (D245-D248).
Myrick et al. showed that TS data taken from defect areas
on p%hita have a lower surface density of states and suggest
that TS data may make the distinction between defects and
molecular adsorbates easier (D249).

Brown and You have used STM to characterize the mor-
phology of y-carbon surfaces. Two types of structures
exist in addition to the normal hite structure, one being
ng:nuhrmucumwithgninumfmmwwzsmkmdthe
other consisting of a curved fibrillar structure (0250).

Olk et al. have imaged a stage-1 graphite intercalation
compound (C,CuCl,) at both potitive- and negative-sample
bisses with respect to the tip. At gaicivo-umple biases, a
hezagonal symmetry was observed (due to the ABAB stacking
arrangement) rather than the 3-fold symmetry of noninter-
calated HOPG. At negative-sample bigses, a different image
was obtained where the pattern is mainly due to the intercalate
layer and perturbed graphite (D251). A new orthorhombic
superlattice was oheerved in the n;g:cl K « compound.
Kelty and Lieber have imaged and di the origin of a
new commensurate 2 X 2 superlattice in addition to the
hexagonal hite lattice in stage-1 KHgC, and stage-2
K}‘I:E, graphite intercalation compounds (D25§). They have
also imaged a commenaurate 2 X 2 and an incommensurate
superstructure on KHgC, and a one-dimensional super-
structure and two-dimensional superlattice on (D253).

The atomic packing, defect structures, and electronic
structure of C epitaxially precipitated on Ni(111) was found
to be essentially identical to that of HOPG (D254). Itoh et
al. have used and STM to study & monolayer of gra-
phite epitaxially grown on TiC(111) and discuss T'S data on
the surface band structure of the monolayer (D255). Murata
ot al. have imaged a disordered carbonaceous film composed
of benzene rings pre, by pyrolysis of cyclododecane on
a quartz substrate (D256). Ito et al. found that carbon films
synthesized by direct ion-beam deposition at 100 eV have the
Hoation ans Growih of byiropsoset sonmrpboos oeson Hi

tion AINOTp. carbon
on HOPG and silicon and observed a mors homogenous
growth on silicon (D258).

Numerous researchers have used STM or AFM to char-
acterize the nucleation, growth, effect of doping, morphology,
and I~V characteristics of chemically vapor-deposited diamond
films (D259-D267).

The effects ion-bombardment of graphits surfaces was
studied extensively during the past year as a function of the
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ion flux and sample temperature (D268-D272). Surface
modification of graphite surfaces in air and in liquids has been
reported by several authors (D273, D274). STM has been used
to correlate the morphology of carbon electrodes after laser-
activation with measured electrochemical heterogenous
charge-transfer rates (D275-D277). These activated surfaces
exhibited a significant increase in the surface roughness and
number of defect sites. Carbon electrodes can also be elec-
trochemically activated by application of an applied voltage
(D278). STM and AFM images of the activated surface
showed an increase in the surface roughness suggesting the
presence of an oxide layer.

Chang and Bard have investigated the oxidation of the
graphite surface at elevated temperatures and monitored the
nucleation and growth of etch pits. In addition, they also
concluded that the formation of etch channels on the graphite
surface after treatment using both chemically active {(e.g.
FeCl,, CdS, and H,P1Clg) and inactive (e.g., NaCl and Al,04)
compounds were primarily the result of mechanical interac-
tions of the particles with the graphite surface (D279).

Hoffruan et al. have investigated the roughness and
structure of several C fibers, includi {I polyacrylonitrile
(PAN)-based fibers and type-II pitch-based fibers, and the
effect of heat treatment on these fibers (D280). Hoffman et
al. have also investigated the effect of various treatments,
including O e ure at high temperatures, O and Ar plasma
exposure, HNO, exposure, and electrochemical treatment on
the morphology of P-55 pitch-based C fibers (D281).

D.6. Atomic and Molecular Adsorbates. Eigler et al.
used low-temperature STM to image individual Xe atoms on
Ni(110) and found the apparent height of the Xe atom in the
STM image was in agreement with the expected value based
on an atom-on-jellium model (D282). They also note that the
Xe 68 resonance, which is the origin of the Fermi-level local
density of states, ia responsible for the observed contrast in
the STM image. Eigler et al. have developed a prototype of
an ?t.omic bilsub!e .\:‘witcfh based mﬁ:r a Xe atoxbn; which,ngg
applying a voltage pulse of a parti sign, can be positio!
on either the ?"F tip or Ni surface (D283). This prototype
system has potential applications for manufacturing small
electronic devices. (see “Surface Modifications”, below).
Whitman et al. have demonstrated the manipulation of ad-
sorbed Cs atoms on GaAs and InSb by application of a voltage
pulse between the tip and sample (D284).

Hallmark et al. investigated the molecular orientations and
rotations of naphthalene on Pt(111) at room temperature in
UHV (D285). Magonov et al. investigated the morphology
of thin layers of 2,3~Fe~2n;6phthalocyanme vapor deposited on
amorphous carbon (D286). Regions of disorder as well as
arrays of stacks with periodicity of 0.4 nm in a row and 1.5
nm between stacks were observed. Individual molecules of
the ferrometic lc,?'nnl. 2-(4-nitrophenyl)-4,4,5,5-tetra-
methyi-4,5-di -imidazolyl-1-oxy 3-oxide, were imaged
with AFM and the molecular arrangement was found to be
in agreement witt the bulk crystai structure (D287). Nejoh
has studied the incremental charging of a single molecule of
a gguid crystal at room temperature and observed quasi-pe-
riodic variations in the current~voltage curves which were
attributed to a in the charge of the molecule (D288).

STM has been in conjunction with electron microprobe
analysis, SIMS, and ATR to study the adsorptiun of CO on
Pt and Pd (D289). Otber studies concerning CO adsorption
mddxguﬁud below in the section on “Electrochemical STM
an .“

D.7. Polymers with Quasi-Crystalline Films. Polymer
Processing. AFM has been used to monitor the processing
defecta, laser conditioning and aging, and laser beam damage
in e-beam evaporation deposited antireflection and high-re-
flection coatings (E290). STM has been used to determine
whether resolution degradation occurring in undeveloped
e-beam resist (polydiacetylene negative resist} occurs during
the ex?aure to the 50-kV e-beam or during resist development
(E291).

AFM of polyethylene (1) rods during extrusion showed the
surface parallel to the extrusion direction consisted of zizzag
chains (D292). Smaller scans showed the structure of indi-
vidual microfibrils including defects in the chains. Individual
methylene groupe have also been resolved in these samplea
(D295). Noncontact force microscopy was used to investigate
the aging of glassy polymers including polystyrene (I) and

124 & s ANALYTICAL CHEMISTRY, VOL. 84, NO. 12, JUNE 15, 1992

poly(2,6-dimethylphenylene oxide) 1D294), Zhai et ai. have
used AFM 1o morutor the radiation e caused Dy heavy
ions on the surface of a polycarbonate film (D295).

Lee et al. have used a variety of techniques iicluding STM
to show that impianting Kapton H, Teflon PFA. Tefzel. and
Mylar with ions such as B, N, C, Si, and Fe improves their
smoothness, hardness, and wear resistance (D296). Using a
3K°¢‘°J imaging mode of the STM, based on charge trapping.
the degree of uniformity of a perflucropolyether film on
magnetic thin-film rigid disks was examined and found 1o be
nonuniform near scratched regions (D297).

Lotz et al. have used AFM to image the lamellar structure
of a-phase isotactic polypropylene epitanally crystallized on
benzoic acid (D298). Yang et al. have userS'?lM 10 image
helical and superhelical structures in poly(ethylene oxidei
complexes con KI and Nal (D299). Mate and Novotny
have used AFM, XPS, and ellipsometry to show that physi-
sorbed fluorocarbon polymers have an extended structure on
solid surfaces (D300). e du)o i pressure of a monolayer
of polymer was measured by AW Dietz et al. have used
Aliﬁ to image polysulfone and polyether-polysuifone ui-
trafiltration membranes of different sizes in the dry state and
in él;e presence t;)f :uter (D301).

ectroactive Polymers. STM has heen used o correl
the XPS depth resolution to the sputter-induced roggnen::
in AgNO,-doped electrochemica.lry prepared films of Fe-
(vbpy);(CN), homopolymer-poly(vbpy) biends (vbpy = 4-
vinyl-4’-methyl-2,2'-bipyridyl (53028.

Madsen et al. have measured the increase in the surface
area of electrochemically prepared polypyrrole films grown
onaPtel e by several methods including ac im ce
measurements, SANS, and STM (D303). The first two
techniques indicate an increase in the surface area of 40-50
times relative to Pt while the STM measurementa show only
a 2.2-fold increase. Everson and Helms have shown that the
electrochemical growth of thin films of perchlorate-doped
polypyrrole on HOPG starts as small islands nucleating near
defect sites (D304).

Porter et al. have imaged both chemically and electro-
chemically prepared borate-substituted polyanilines. They
obeerved that the chemicai preparation resuited in small
amorphous conducting domains as well as nonconducting
domains, while the electrochemical preparation yielded con-
ducting amorphous islands and polymer coils (D305). Porter
et al. have also imaged amorphous i and polymer strands
in samgles of chemically and electrochemically prepared
poly(3-hydroxyaniline) thin films (D306). Jeon et al. have
studied the growth of thin films of electropolymerized poly-
aniline on evaporated Au electrodes and have measured the
r—=* gap of the fully protonated emeraldine sait form of
polyaniline (D307).

Armes et al. have studied the morphology and coating
hoxlnoggqeity .ﬁd di:icunedl the lllm;l.mmnlms qf_condu(éﬁonlin
polyaniline and polypyrrole colloids, polyaniline- and poly-
pyrrole-coated text.ifep substrates, and electrochemian%-
thumdpol*lmhneﬁlma ing a combination of STM, .
SEM, and X-rays (D308). ese researchers have used a
variety of techniques to characterize several polgpynolr

uartz and polyaniline~quartz composites; STM shows that

e polymer films are thin and uniformly deposited over the
quartz (D309).

Kamrava et al. have imaged FeCl-doped ﬁmythiophene.
e 7 ST (54107 The polychiophons

e hiraka e : iophene
g:ahmemmmmmdchonbworundopad inlands
sumundedAg‘hhighly—doped regions. Mizes ot al. have used
STM and to image tg:dgroﬂh and fibrillar nature of
films of doped and undo polyacetylene E;}ly(a-‘hexyl-
thiophene) and polystyrene and discussed the limitations of
these iques in obtaining atomic resolution (D311). Fuchs
et al. imaged poly(1-butenenl) films on HOPG and have
observed 100-nra fnku (D312). Oka and Takahashi observed
the slightly colla . global shape of iodine-doped poly({N-
vinylcarbazole) deposited on HOPG; however, they were not
able to resolve any details of the polymer structure (D313).
Wang et al. studied the effect of difterent anodization con-
ditions on the morpho and conductivity of po}ghenol
layers on GC surfacea (D314). Yang et al. have studied chain
conformation, nucleation and film growth, and the effect of
counterion doping on polypyrrole/poly(4-styrenesulfonate!




on graphite and Au/Si surfaces (D315). .

Molecular Films. Several authors have used STM to in-
vestigate the ordering of liquid crystals, such as the alkyl-
cyanobiphenyls, on various surfaces, including MoS, and
graphite (D316-D321). Nejoh has also investigated the ori-
entation and chemical bonding of ﬁ(ﬁuid_ crystals ogr;foly-
imide surface by several techniques including XRD, STM, and
XPS and compared these results to self-consistent MO cal-
cuiations (D322).

Cgq has been imaged on both Au and graphite substrates
(D323). Chen et al. have obtained high intramoleci:lar contrast
in imaging a monolayer of Cq on Au and find that every other
C atom is imaged (D324). ng M images of Cg, averlavers on
GaAs(110) show a well-ordered structure, commensurate with
the GaAs surface, and two types of adsorption sites, one being
elevated due to stress in the Cy, monolayer (D325). Li et al.
have used STM to study the ?ifferences in monolayer and
multilayer structures of Cg, grown on GaAs(110) at various
temperatures and the effect of potassium incorporation into
Ceo (D326). Snyder et al. have used AFM to image Cg, de-
posited on CaF,(111) {D327).

Leung et al. have used STM to image both single chains
and ordered monolayers of g«l)(l)ydiacetglene, which has non-
linear optical properties, on HOPG and diacuss the role of H
bonding between polymer chains (D328). Hawley and Ben-
icewicz have investigated the attachment of rigid pendent
groups to the polymer backbone and the effect of sait con-
centrationa on the morphology of a wholly aromatic polyamide
deposited on I'lOPGm?i)32g§.y Fujiwara et al. have imaged a
polyimide LB film based on pyromellite dianhydride and
4,4’-ozxydianiline on graphite and compared the Ji'xnment of
the polymer chains to molecular dynamics calculations (D330).

Hanama et al. discussed the usefulness of the AFM in de-
umini%thethickne-mdqmﬁtyofmﬁlmsmd presented
images of Cd arachidate monolayers on mica lhowmﬁ surface
defects (D337). Bourdieu et al. have used AFM and optical
microscopy to characterize LB films of arachidic acid and
found that the film roughness and thickness of the bilayers
corresponds to the fully extended aliphatic chains on the
substrate (D332). Meyer ot al havoahoobtamedAFMLmoﬁ
of Cd arachidate (on Si) and s t that the organized fi
has an orthorhombic or mon ic tal structure which
is independent of the substrate periodicity (D333).

Weisenhorn et al. have imaged LB films of the lipids pL-
a-dimyristoylphosphatidylethanoiamine, L-a-dimyristoyl-

hothlnd ium bromide
?DO AB), and 1:1 DODAB/L-a-di

itoylphosphatidyl-

W! with molecular resolution un er solution usi

(D334). The authors present images of DNA adsor
on these films and discuss their usefulneas as substrates for
binding other macromolecules.

Yang et al. have obtained atomic resolution STM imn:eu
of poly-a-D-glucose which show only oxygen atoms and dis-
this result in termas of X-ray di jon studies (D335).
McMaster et al. have i an ordered crystalline array of
poly(y-benzyl L-glutamate) and discuss the role of the benzyl
substituents in the observed a-helical structure (D336).
Shigekawa et al. obssrwed that inclusion molecules (1-
adamantanemethanol) added to a mixture of a- and B-cy-
clodextrins, which form am ordered array on HOPG, resulta

in the disruption of the structure (D337). Heckl and
Smith have applied a electric field to a thin :ilm of
glutaraidehyde on HOPG to form clusters and suggested that

this may cause the e lymerization of the molecules
(D338). They extend their results to a discussion of the role
of lateral charge tranafer in mmkn—mndmty samples.
Vandenberg et al have used to study the morpho
of (3-aminopropylitriethoxysilane films deposited on Si
surfaces under various conditions of soivent, heat, time, an
curing environments (D339).
Dawson et al. have used STM to measure the surface
of benzoic acid derivatives on dnrmdl{ evaporated
Ag films as & function of deposition rate (D340). Rabe and
Buchholz have imaged the lamellar structure of long-chain
alkanes, alcohols, fatty acids, and dialkylbenzene on HOPG
(D341). McGonifll et al, have also imaged the two-dimen-
e Anmambons and Mller have used STV 1o svvestigate
. ve investigate
benzotriazole films on Cu (D343). LB films of bebenic acid,
a fatty acid bilayer, deposited on HOPG show two types of

MICRCSCCP -

periodic molecular arrangements (0D344). Rabe and Buchholz
have used STM to investigate the motion of domain bound-
aries within a molecular monolayer which forms a 2D poly-
crystal at the interface between the basal plane of graphite
and a solution of didodecylbenzene (D345). AFM images of
platelet-type monocrystals of linear alkanes, n-tritriacontane.
n-hexatriacontane, cyclic alkanes, cyclooctatetracontane. and
(cl};g:g)ohepuconune all showed a regular surface structure

Widrig et al. have obtained atomic resolution of monolayer
films of ethanethiol and n-octadecanethiol adsorbed on Au-
{111) {(D347). These latter films form hexagonally packed
arrays, in agreement with He diffraction data which shows
a v3 X v 3-R30° structure. Defect structures in a self-as-
sembled insulating monolayer of CHy(CH,),-SH on Au(11l)
have been imaged by electrochemically depositing metai 1s-
lands in the defect areas (D348). DeKoven and Meyers found
that polycrystalline Fe surfaces exposed to perfluorodiethyi
ether exhibited two distinct friction coefficients which cor-
responded to two morphologically different regions on the
surface (D349).

Keita and Nadjo have imaged a regular periodic pattern
of H,PW,,0, deposited on HOPG, suggesting that individual
molecules are imaged (D350). Weinrach et al. discuss the
superstructure and CDW superstructure observed in images
of a trapped-valent linear-chain semiconductor K [Pt,(P,-
OH,) Br|-3H,0 (D351).

Miscellaneous Studies. Li and Lindsay have devised a
lateral and vertical calibration standard for the AFM (for the
nanometer to micron range) which involves the deposition of
polystyrene latex spheres onto mica to form cryatalline layers
in a cubic or hexagonal close-packed arrangement (D352).

The morphology of a monolayer of Ag particles formed in
situ in aqueous Na bis(ethylhexyl) suifosuccinate and Ca

larenesulfonate surfactant reversed micelles and deposited
onto a solid substrate was determined by STM and dynamic
light scattering (D353).

STM and AFM have been used to characterize the mor-
phology and thickness of illite/smectite particles from the
North Sea Juramic oil source rock (D354).

Rauf and Walls have compared TEM and STM images of
ITO films and found that the two techniques give generally
consistent data; however, the grain size in the STM images
is larger than in the TEM images (D355).

D.8. Crystalline Molecular Solids. STM studies of
several different conductive organic charge-transfer systems,
including TCNQ complexzes, polymeric complexes, organic
superconductors, and the charge-transfer complexes of
TCNQ-salts have been reported (D356-D362). The mor-
phology and electronic properties of BEDT-TTF [bis-
(ethylenedithio)tetrafulvalene)] and TMTS (tetramethyi-
tetraselenafulvalene) charge-transfer complexes have been
extensively studied using STM and TS (D363-D370).

Overney et al. have used AFM to assign lattice parameters
and identify two tranalationally inequivalent molecules in the
unit cell of a free-standing tetracene crystal (D37]1). Atomic
resolution on different faces of the conductive perylene radical
cation hexafluorophosphate crystals have also been cbtained
uningwAFM and STM and discussed in relation to crystallo-
graphic data (D372). AFM was used to examine the large-scale
morphology and atomic structure of single-crystal poly{2.4-
hexadiynylenebis(p-fluorobenzenesulfonate)] and its corre-
sponding monomer (D373).

Gratz et al. have investigated the importance of ledge
motion to the dissolution growth of silicates and present
AFM images during the dissolution of quartz (D374). Shindo
ot al. have used to image the arrangement of O atoms
and water molecules on the surface of cleaved gypsum (CaS-
0,2H,0) (D375;. AFM was used to image Kr ion tracks on
mica. In this latter study, changes in the slastic properties
of the mica could be deduced on a nanometer scale (D376).

Jensen et al. (D377) have used STM to i a teolite pore
in silicalite. MacDougall et al. (D378) have AFM to image
the crystal planes of several natural zealites including scolecite,
stilbite, and faujasite both in air and under aqueous solution.
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Meyer et al. have obtained atomic resolution on surfaces
of epitaxially grown AgBr(001) films using AFM and suggest
that only Br atoms are imaged (D379, LIIS?QSO). AFM images
of single-crystal sodium decat tocerate(IV) indicates that
only the (010) face of the crystal has a regular arrangement
gf anions (D38]). AFM has been used to image the (001) and
{100j faces of aspirin crystals in air and water to determine
how the different molecular structures at each face relate to
the differences in the dissolution rates (D382).

Slawska-Waniewska et al. have used STM to investigate
the effect of ion irradiation on the morphology of FeCrSiB
amorphous ribbons (D383). Fukumoto et al. have obtained
atomic resolution STM images of hexagona] boron films grown
on graphite by plasma chemical vapor deposition (D384).

D.9. Biological Molecules. Thompson and Elings have
reviewed appiications of STM and AFM in biclogical sciences
{D385). Condutive organic monolayers and nucleic acids have
been imaged on silicon (D356) using STM. Techniques to
reduce tip-surface interactions, which can easi’; displace
biomolecules and lead to irreproducibie images, are discussed
in the same report. Images of organic and biological molecules

can be improved by immersing samples in a 50% glycerol-

water solution {D387). Two-dimensional arrays of elec-
troactive and photoactive proteins suitable for § imaging
have been prepared using ¢ither a uir-Blodgett tech-

nique and,/ or adsorption method (D388). For example, using
the Langmuir-Blodgett tcchnit}_ue. densely packed quasi-
re mono and bimolecular films of gramicidin A were
formed on HOPG. Single moiecules were imaged which show
a cavity of 0.4 nm in haif-width, consistent with molecular
models (D389).

Leatherbarrow et al. have used STM to examine immu-
noglobin G (IgG) molecules deposited on graphite and con-
firmed their trilobed structure as shown in X-ray crystailo-
g{:ghjc images (D390). Unlabeled IgG antibodies complexed
with Au-labeled antigen and Au-labeled antibodies have
slso been imaged by STM. Details of their molecular or-
ganization have been reported (D391).

Images of glycogen, gl::‘phoryhu, and phosphorylase
kinase on HOPG have been reported and correlated with
measurements using other techniques; ously low values
of the a nt height of these molecules are observed using
ST™ ). STM has also been used to image phosphoryiase
kinase and dimers and oligomers of pho;&horyhu b immo-
bilized on a charged HOPG surface (D333).

Miwa et al. investigated a Ca?*-sensitive monolayer protein
membrane prepared by conjugating calmodulin and bovine
serum albumin at the air-water interface (D394). Depending
on the Ca?* concentration, the protein film changes from an
extended structure (with Ca?*) to a contracted structure (no
Ca?*) as & resuit of conformational in the calmodulin.

Images of tetrameric cytokeratin a-helical protein (D395)
and the giobular proteins, 1 e and chymotrypsinogen
A (D396), deposited from solution on graphite have also been
reported. In the cawse of lysozyme, & imensional array
is observed with a characteristic periodicity that is dependent
on the initial concentration of the protein in solution. For
chymotrysinogen A, areas consisting of a two-di-
mensional structure were also observed. Pizziconi and Page
have imaged lamnméa 900000 MW glycoprotein, in phos-
phate buffer on HOPG and confirm previous ?lﬁon mi-

y images showing the cruciform structure o protein
(Dm. Yeung et al. imaged the lipoYdrouin ice nucleator
(LPIN) from the hemolymph of Tipula trivittata and the
non-ice-nucleating lipoproteir from Manduca sexta (D398).
In the former case, the LPIN's formed ali chain structures
with a width equal to two lipoproteina. Two apolipoproteins
of the LPIN, Apo-I and Apo-1I, were also imaged and have
AT e of 'h...a?...uy‘“"“” o e St momolayer

unsages protein monoiayer
found in the outer cell wall of Deinococcus radiedurans

(D399).
Zhu et al. imaged the :iglo-hnnded helical structure of calf
skin co n molecules rbed on graphite and measured

a periodicity of ~31 A, in agreement with previous biochern-
ical studies (D400). Miles et al. imaged the spiral structure,
based on S-reverse turns, of the elastomeric wheat gluten
proteins (D401). Masai et al. observed the sheet-type pasa-
crystal form of fibrous actin when depasited in the presence
of MgCl, on HOPG and allowed to air dry (D402).

126 M « ANALYTICAL CHEMISTRY, VOL. 84, NO. 12, JUNE 15. 1992

One of the four DNA bases, guanine. was :magec -0 a
two-dimensional ordered array composed of ciused-pacxec
linear chains of hydrogen-bonded molecules on HOFPG ana
MoS, substrates (D403). es of aggregstes, as weil as
individual molecules, of 165 rRNA electrophoretically de-
posited on HOPG in water were in agreement with EM data
(D404). Keller et al. imaged RNA polymerase, from Es-
cherichia coli, eiecuodefniud on atomically flat Au surfaces
in both water-glycerol and high-humidity environments
{D405). The molecule appeared as either ordered arravs,
;x:z:dr:)::):taujleatuxeu. or jaw-shaped molecules Time-de-

188 W {

nillm e prouienr.e done to determine the binding mecha-
~ lmaging DNA under ambi it e,
is one of '-ge more popular ru:::cc!?:gnli;o;\:e‘adt;: :o‘;e;‘g).a?
for sequencing DNA using STM. Lindsay and Philipp have
discussed the potential success and difficulties in using STM
to sequence DNA (D406). (See alsc the secton on “Carbon®

arding suspect molecular structures observed on HOPG ;
DNA bas been imaged in air on a graphite substrate durin
replication for the first time (D407). quist et al dmu;ﬁ
coxlnrut m;clnnum for c“uﬁaxinx DNA (D408).

mages showing atomi resolv .
molecule on HOPG are reeeymed meg ggguze:éj Li}:err?o‘:ig
of the van der Waals surface. Uncoated DNA moiecules with
an activated tris(1-aziridinyl)phosphine oxide solution have
been imaged on Au substrates. ’Fhe molecules are several
hundred angstroms long with a regular intraperiodicity of
25-35 A (D409). High-resolution images show the phosphate
groups on the DNA backbone in the minor groove. Cricenn
et al. have reported tentative obeervations on the phosphate
apdlummpmmmnﬂ.mmﬂumeMofmmud
single-strand DNA mixed with benzyldimethylaikyi.
ammonium chloride and depositad on Au substrates (D410}

A method for covalently atuchmgbx:;ercunted DNAtoa
-SH-modified graphite surface have been reported. The co-
valent attachment reduces the mobility of the DNA (D411).
Bai et al. have identified several forms of DNA including s
braided triple-stranded structure, right-handed and left-
handed double helical forms, and a tertiary structure (D412,
Li et al have the B-form of DNA from fish sperm and
calf thymus and the poly(dG-me5dC) and bromized poly-dCG
Z-form of DNA (D413). Allen et al. imaged synthetic DNA
opHOPGfolbwilﬁguorbﬁonoianNAfmmmemnne'
tip by a voltage pulse (D414). The DNA molecules ap|
to be deposited singly or in highly oriented groups.

In tunneling spectroscopy experiments, Lindsay et al. ad-
sothed submonolayer quantities of DNA in tris(thydroxy-
methyl)aminomethane buffer onto Au slectrodes and moni-
tored the current v voml-V) curves over the DNA
patches and the clean Au {D415). The I-V curvea over
the DNA patches did not de stronglv on the tip bias and
display diodelike characteristics. Lindsay et al. have also
deposited DNA onto gn hite and Au modified with Cl” ions
and tris(hydroxymethyl)aminomethane buffer (D416). Re-
producible results were obtained only for %‘iﬁve)y-chuged
Au modified electrodes in the presence of DNA fragments and
the sait, making the images difficult to interpret.

AFM has also been used to study DNA as well as other
biological molecules. Hansma et al. obtained AFM images
of single-stranded DNA with nucleotide resolution using two
different sample preparation techniques. In one method, the
DNA was covalently attached to & polymerized lipid mono-
layer and sul uently imaged under water. e second
method consisted of u{‘;orbinc DNA on mica, rinsing with a
Ba(NO,), solution, and imaging under ethan. (D417. The
authors di problems associated with sequencing DNA
using the AFM. )

Friedbacher et al. obtained stomically resolved images of
pressed er samples of pismo clam and sea urchin shells

i M (D418). Hanama et al. used AFM to obtain mo-
1 resolution images of IgM and UV light-polymerized
films of the lipid dim thylbis(pentacosadiynoyloxyethyl)am-
monium bromide (D419). The polar head groups of the lipid
could be i . Schmitt et al. used fluorescence microacopy
and AFM to investigate the specific recognition and bindin
of a biotinylated lipid layer and streptavidin (D420). AFN
and fluorsscence microscopy confirm that streptavidin 1s
adsorbed only to the fluid matrix of the cumpressed Lipid
monolayer at the slectrolyte-lipid interface. he hydrated



protein surface layer of D. radiodurans has been imaged using
the attractive imaging mode of the AFM (D421). Two forms
of fibrinogen, a trinodular and globular form, have been
mﬂed on Si0; surfaces using AFM (D422).

e photon scanning tunneling microscope (PSTM), which
relies on the e&unnelj:lgt_c;’fe photgxen from an Eﬁ‘fnmm wave
toa ned optical fiber probe tip, is useful for examining
elecm insulating samples inclugi.ng biological molecules.
Ferrell et al. have constructed several PSTM's and presented
preliminary images of E. coli (D423).

E. SURFACE MODIFICATIONS

STM and AFM, which are based on physical interactions
between the probe tip and the substrate, can aiter and/or
damage the surface being imaged. In favorable circumstances,
tip interactions can be employed to intentionally modify the
surface or o molecular or atomic species in a specified

ttern that introduces some desired interfacial property.

ost research in this area during the past year focused on
key issues underlying the mechanism of tip-induced surface
alterations or on “proof of concept” demonstrations of ma-
nipulating nanometer-sized structures. Related articles are
discussed tn above sections on “Theory” and “Instrumentation
and Probe Tips™. ) .

Alterations of metal surfaces during STM scanning has been
reported by several pe. Ohmori et al., for instance, studied
the morphological on samples of Pd and Pt and found
that the surface roughness of these metals decreased during
imaging (E1). The authors propose that electrostatic forces
between the STM tip and metal surface are responsible for

this phenomenon. Roberts et al. generated tocuz:ghx ita
po?ycrylullineAubymnimamﬂporﬁonof surthe

in

at a high tip bias in an Ar atmosphere (E2). They also in-
vestigatad the annealing of the pits as a function of time. The
decay of surface plasmon polaritons in an Al-I~-Au thin film
tunnel junction, as evidenced by the decay of visible light
emi from the Au-gir interface, was shown 1o result from
smoothing by surface diffusion in areas where the tip con-
tacted the surface (E3). Shear and compressive forces sxist

and have been discussed in relation to anomalous corrugations
nndelm&mdphm:&efor:nhmmnmobuwldmvs"lfM
topographic images, in relation to anomalously low values
obtained for tunneling barrier heights (E4). Meepagala et al.
sim measured the tunnel current and force between
an Au-coated AFM tip and Au sample under atmospheric
?%gt)‘litiom and discuss the effects of surface contaminants

STM tips cnn alsc be used as miniature evaporation sources
for atom deposition. Mamin et al., for example, have used
a ohsmﬁpunwudmuemhiwmfordmmon
of nanomster-sized Au clusters (E6). Field-ion 8 (F1-
STM) has been used to investigate the degree of adsorption
of alkali metals (e.g., Cs, K, and Li) on Si(111) and Si(100)
surfaces (E7, E8).

Surface modification at the nanometsr scale has potential
:f cations in the : of inf : i

al :‘tknowfdmdhpmhd:ﬁ 'uy; ing,
too siow for any form ce manufscturing.
Hm':lmn et al. have w!giuu electronically uctli;:hmnome-
ter-scale structures in a Si p—n junction using high current
densities from an STM tip with the p~n junction biased in
the forward direction (E9). Lithography on III-V semicon-
ductor substrates using an STM probe hes been discuseed as
& means of mntinﬁn:nommr-wdo oxide masks for use
in the mnugcnm of low-dimensional heterostructures (E10,

loped line widths achi by

STM tip (27 nm) with those obtained to 4 17-nm
50-kV electron beam (95 nm) (E12). Using a STM, Casillas
et al. have fabricated 5-36-nm-radius inlaid Pt disks on the
surface of TiO, (E13) and Fuchs and Schimmel have dem-
onstrated surface modification of atomically flat arees of &
p-doped semiconductor, WSe, (E14). Kl.nomtcuab
structures on gr?hiu have been generated in the presence
of Me,Al under different tip biasing and tunneling current
conditions (E15).

Eigler et al. have demonstrated a prototype of an atomic
bistable switch based on a X atom, which can be positioned
on either the STM tip or Ni surface by applying a voltage

MICRCSCOPY

ulse (£16). Lyo and Avouris have also discussed the use uf
gTM to fabricate new electronic devices by applying voitage
pulses to the STM tip to manipulate atoms (E17).

F. ELECTROCHEMICAL STM AND AFM
STUDIES AND SCANNING
ELECTROCHEMICAL MICROSCOPY

STM and AFM are particularly well-suited for studies of
electrodes immersed in solutions, providing the first cppor-
tunities for electrochemists to examine, in situ. potential-
dependent reconstructions and adsorption phenomena at the
atomic and molecuiar level systems for in situ studies
were developed in the late 19808 and are not reviewed here:
home-built and commercial STM's with capabilities for in situ
electrochemical measurements generally allow for simulta-
neous control of the tip-to-substrate bias and the bias between
the substrate and an electrochemical reference electrode. n
addition, the tip in an electrochemical STM experiment must
be insulated except at the very end in order to reduce back-
ground faradaic currents that interfer with measurement of
the tunneling current. These difficuities are circumvented
by use of , which has been more frequently employed
during zhl;gut few years.

Yaniv McCormick reported an electrochemical system
with potentiostatic/galvanostatic control of the sample and
potentiostatic capabilities of the STM tip, and used this
system to detgooit Cu and Cd on HOPG and GC (FI). Ap-
plication of the electrochemical STM in studies of the elec-
trochemical double layer structure (F2) and use of imaging
tunneling spectroscopy as a tool for spatial mapping of the
surface ¢ ic properties of electrodes in solution (F3) have

been .

Honbo and ltays have studied, in situ, the electrochemical
oxidation of Au(100} in aqueous perchloric acid and monitored
the island growth mechanism of the AuOH layer (F4).
Binggeli et al. have compared the morphology of electro-
chemically polished Au(111) slectrodes in the presence and
abeence of Pb adsorbates during polarization of the electrode.
The transition from tunneling to point contact was observed
at a tunneling resistance of ~2 X 10* {1, in agreement with
vacuum results (F5).

Trevor and Chidsey studied at the annealing of Au{l1l)
surfaces in an mical cell using STM and found that
the process was dominated by the motion of adatoms
rather than terrace atoms. They suggest that pit motion
results from random diffusion of step adatoms (F6). Hol-
land-Moritz et al. have observed both reversible and irre-
versible ro ning of the Au(111) surface in KCl and a de-
pendence of the surface roughnesa on the concentration of
AgNO, and AgClO, solutions (F7). Tao and Lindsay have
e Y T e N O W

v () s . eaver
co-workers have also reported atomﬁy‘ruolved. potan-
tial-dependent reconstructions of Au(100) (F9) and Au(il1)
in aqueous HCIO, (F10). McCarley and Bard found that
dosing Au(111) surface with aqueous KI resuited in a 3v'3
X 3v/3-R30° adlattice structure (F11).

AFM has been smployed to study the disordered oxide cn
Au(111) in aqueous perchloric acid under potential control
(F12) and to obtain atomically resolved i of a Cu
monolayer lattice on an Au(111) electrode whiie under po-
tential control in various electrolyte solutions (F13). Endo

ot al. imaged the initial stages of island growth for Ag elec-
trodeposited on Au(i11) under potenmr control (F14).

penheim et sl studied surface diffusion in Ag-Au allo
Waﬂdmddm their resuits within the
of the kink-ledge-terrace model of crystal surfaces
and models of alloy corrosion based on percolation theory
(F15). The anodic dissolution of Cu from a Cu-Au alloy in

the pressnce and sbsence of an inhibitor has also been re-
ported and com to SEM results (F18, FI7).

Hoepfner et al. have studied chemically polished macroe-
loctrodl::n and electrolytically grown Mu in air and
under potential control in aqueous solutions. In contrast to
the macroelectrodes, the microelectrodes have stomically
flat terraces separated by monoatomic steps. amics of
these steps under anodic and cathodic polarization was studied
as well as the nucleation and of Pb electrodeposited
on Ag(11l) macroelectrodes (F18). Several authors have
discussed the effecta of electrochemical oxidation-reduction
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MICROSCOPY

cycles on the morphology of Pt(111), Rhi111), and Pd{li1),
and polycrvstalline Al and Fe in aqueous H,SO,, NaOH.
borate buffer, and HCIO, (F19-F22). )

Si surfaces have also been i under H SO, with atomic
resolution using electrochemical STM under potentiostatic
control (F23). gurface roughening during anodicpphotocor-
rosion of n-GaAs(100) has also been discussed (F24). The
morphology of CdS films deposited on an arachidic acid
monolayer, Ti-foil, HOPG, and indium-coated copper were
investigated using STM (F25). Sakamaki et al. studied local
light-induced structural transformations that occur on the

08,(0001) surface in acetonitrile (F26, F27).

Snnivasan et al. have obtained molecular resolution images
of electrochemically condensed layers of guanine on graphite
under potential control (F28).

IR reflection—adsorption spectroocop{ has been combined
with STM to characterize the CO adlayer on Rh(1ll) in
aqueous solutions (F29). Depending on the applied potential.
two different structures are obtained corresponding to the 2
% 2-3C0 and 3 % v 3 rect-4CO unit cells. The preference
for one unit cell over another at a specific applied potential
was explained in terms of the extent of dx—2x* metal~CO
back-bonding. In situ IR spectroscopy and electrochemical
STM have been used to study CO on Pt(100) after replace-
ment of iodine by the CO (F30). In the presence of iodine
adlayers, large 1 X 1 terraces are evident; however, upon
exposure to aqueous CO the number of amaller 1 X 1 islands
increases and coalesces at positive potentials. The resulta are
discussed in terms of the predominance of either bridge-bound
or atop-coordinated CO molecules.

Chang et al. have correlated the outer-sphere electron-
transfer rates of eight Co™(NH,),X complexes (where X =
NH,, F*, 0S0,%, OH,, acetate, and three organic carboxylates)
to tﬁe apatia.lfy rewﬁ'ed adlattice sites in +/7 X /7 and 3 X
3 iodine-covered Pt(111) surfaces (F3!). Reactants which
contain only inorganic ligands have a higher &,,,, on the v 7
X +/7 than on the 3 % 3 lattice while those complexes con-
taining aromatic carboxylate ligands show no adlattice pref-
erence.

Scanning electrochemical microscopy (SECM), developed
by Bard and co-workers, is a scanned-probed microscopy based
on measuring the rate of faradaic reactions at th;ﬁrobe tip.
Although the spatial resolution of SECM (htzpi 0.5 um
or larger) does not approach that of STM or AFM, the
technique has some unique capabilities for investigating the
chemical activity and physical properties of heterogenous
surfaces. Bard et al. have reviewed the principles and in-
strumentation of SECM, as well as applications for funda-
mental studies of electrodes, minerals, and biological samples
(F32). A transient SECM technique has also been rfgoned
by the same p that allows measurement of the diffusion
coefficient of a redox species in solution, independent of co-
centration and the number of electrons involved in the re-
actions (F33). Anson and co-workers have also described
SECM imaging of small Pt-disk electrodes (F34).

Scott et al. have employed an SECM to “image” the local
molecular flux of electroactive ions across a porous membrane
(F35). In this application, the SECM measurement yields the
pore structure of the membrane as well as the rate of transport
within individual pores.

Several new scanned probe imaging systems were reported
during the last year that are based on measuring either the
interfacial potential or the local current distribution. Oriani
and co~workers reported the use of & Kelvin microprobe to
measure the corrosion potential profiles across surfaces of
galvanically-coupled metals in humnid atmospheres (F36). The
same technique was used by Huang et al. to map the work
function distribution across thin anodically-grown TiO, films
{F37). Isaacs et al. have adapted a scanning vibrating probe
(VSP) technique (F38) to measure the magnitude and di-
mndﬁuwmbnmtdhﬁmﬁonmum:uﬁm
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