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The technlque of scannlng electrochemical mlcroscopy 
(SECM) Is descrlbed. I n  thls technlque the electrolysls 
current that flows as an ultramicroelectrode tlp (diameter ca. 
10 gm) Immersed In a soiutlon Is moved above a substrate 
surface is used to characterize processes and structural 
features of the substrate. Modes of Operation consldered 
Include collectlon modes, where products electrogenerated 
at the substrate are detected at the tip (held at constant 
potentlal or operated In the cyclic voltammetrlc mode), and 
feedback modes, where the effect of substrate on the tlp 
current Is monltored. The feedback mode can be used with 
both conductive and lnsulatlng substrates and Is less sensithe 
to electrlcal coupllng between substrate and tlp. An ailer- 
natlng current generatlon/collectlon mode Is also described. 
Experimental results for the different modes of Operation and 
proposed extensions of the SECM technlque are presented. 

INTRODUCTION 
Scanning electrochemical microscopy (SECM) is a tech- 

nique in which the current that flows through a very small 
electrode tip (generally an ultramicroelectrode with a tip 
diameter of 10 pm or less) near a conductive, semiconductive, 
or insulating substrate immersed in solution is used to 
characterize processes and structural features at the substrate 
as the tip is moved near the surface. The tip can be moved 
normal to the surface (the z direction) to probe the diffusion 
layer, or the tip can be scanned at constant z across the surface 
(the x and y directions). The tip and substrate are part of 
an electrochemical cell that usually also contains other (e.g., 
auxiliary and reference) electrodes. The device for carrying 
out such studies involves means of moving the tip with a 
resolution down to the A region, for example, by means of 
piezoelectric elements or stepping motors driving differential 
springs, and is called a scanning electrochemical microscope. 
The abbreviation SECM is used interchangeably for both the 
technique or the instrument. The principle of an SECM 
operating in the generation/collection mode is illustrated in 
Figure 1B. As discussed below, other modes of operation are 
also used. 

While the SECM resembles the scanning tunneling mi- 
croscope (STM) ( I )  (Figure 1A) in its use of a tip to scan over 
a substrate surface and in the methods of moving the tip, there 
are fundamental differences in the principles of operation and 
range of applications. Since the STM depends upon the flow 
of a tunneling current between tip and substrate, the distance 

between them is of the order of 1 nm or less and surface 
topographic x-y resolution of only this size scale is usual 
(typical surface scan areas in STM are 30 nm by 30 nm). 
Moreover, even for STM studies in solution, the tunneling 
current is a nonfaradaic one (i.e., no chemical changes in 
solution components or substrate surface species occur because 
of the current flow), so that the tip current cannot be related 
directly to the substrate potential by consideration of the 
redox potentials of appropriate half-reactions. In SECM the 
current is carried by redox processes at tip and substrate and 
is controlled by electron transfer kinetics at the interfaces and 
mass transfer processes in solution, so that measurements at 
large spacings, e.g., the range of 1 nm to 10 pm, can be made. 
This should allow probing of the diffuse and diffusion layers 
near the substrate through z scans of about 1 nm to 10 pm, 
as well as lower resolution surface x-y scans. In this case the 
tip current ( i T )  should be related to the potential of the tip 
(ET) and substrate (Es) by the usual electrochemical consid- 
erations (2). In an alternative approach the tip can be a 
reference electrode (e.g., a metal wire quasireference electrode 
or a drawn-out glass capillary connected to a true reference 
electrode via a salt bridge) and the potential at the tip 
monitored in the z direction or x-y plane. This type of 
scanning potentiometry has already been employed a t  much 
lower resolution, for example, to probe corroding substrates 
(3-5). The use of an ultramicroelectrode (UME) to probe the 
diffusion layer concentrations by z-direction movement over 
a range of about 2-150 pm by detecting substrate-generated 
species a t  the UME has been described recently (6). 

We describe here several different types of experiments with 
the SECM. In principle SECM can provide surface topog- 
raphy information, potential distributions, and analytical data. 
Since electrochemical reactions occur in SECM, microfabri- 
cation can also be carried out with this apparatus. For ex- 
ample, etching and deposition of metals and semiconductors 
and synthesis (e.g., electropolymerization) are possible. Ac- 
counts of such applications have appeared (7,8) and this area 
will not be discussed here. 

EXPERIMENTAL SECTION 
Apparatus. A block diagram of the apparatus used for tip 

movement and control, which generally follows previous STM 
designs ( I ) ,  is shown in Figure 2. In this apparatus the working 
electrode tip was held on a tripod (x’, y’, and 2’) piezoelectric 
scanner. The substrate, held at a 4 5 O  angle to the tip axis, was 
carried by a movable x-y stage which was moved independently 
by two piezoelectric translators (Burleigh Instruments, Fishers, 
NY, Type IW-502-2), which were controlled by a programmable 
controller (Type CE-2000-2A00). These permitted movements 
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figure 4. Representative steady-state current vs distance for gen- 
erationlcollection experiments for a planar substrate and different 
shaped tips: (a) planar disk; (b) spherical; (c) conical. 

and the solution resistance was low. 
Tip Preparation. Several different tips were used in these 

experiments. Construction of the P t  disk-in-glass ultramicroe- 
lectrodes (with 12.5- and 5-pm radii) followed previous practice 
(IO, 11)  and is described in more detail elsewhere (12, 13). 

Pt wire of the desired radius was washed with 30% "Os and 
dried overnight. This was placed in a 10 cm long, 1 mm i. d. Pyrex 
tube sealed at one end. The open end of the tube was connected 
to a vacuum line and heated with a helix heating coil for 1 h to 
desorb any impurities on the Pt. One end of the wire was then 
sealed in the glass hy increasing the heating mil temperature. The 
sealed end was polished with sandpaper until the wire cross section 
was exposed, and then successively with 6-, 1-, and 0.25-pm di- 
amond paste (Buehler, Ltd., Lake Bluff, IL). Electrical connection 
to the unsealed end of the Pt wire was made with silver paint to 
a Cu wire. The glass-wall surrounding the Pt disk was conically 
sharpened by emery paper (Grit 600, Buehler, Ltd.) and 6-pm 
diamond paste, with frequent checking hy optical microscope until 
the diameter of the flat glass section surrounding the Pt disk was 
less then 100 pm. This decreased the possibility of contact he- 
tween glass and substrate because of any slight deviations in the 
axial alignment of the tip as the tip was moved close to the 
substrate. Carbon tips ( 1 0 , I I )  were used in the ac experiments. 
These were prepared from 7 pm diameter C fibers that were 
burned slowly in a heating coil to decrease the diameter to 1-3 
&m. These were sealed in predrawn glass capilhies in a gas flame. 

RESULTS AND DISCUSSION 
Resolution and Tip Shape. The ultimate resolution of 

the SECM depends primarily upon the tip size and shape. 
However, the solution resistance and mass and charge transfer 
process rates that affect the current density distribution are 
also important factors. Approximate expressions for the 
steady-state current that flows between substrate and tip as 
a function of z spacing for a conical and spherical tip in the 
generation/collection mode have been presented (14). The 
steady-state current mode would be of most interest for to- 
pographic information during x-y scans. The approximate 
expressions for the steady-state current in the generation/ 
collection mode, for example, in the configuration shown in 
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Figure 1B for different tip geometries above a much larger 
(assumed infinite) planar substrate are given below. Typical 
current (i)-distance curves are shown in Figure 4. For a 
planar tip, in the absence of edge effects, the familiar 
plane/plane thin layer expression, eq 1, applies (15) 

i = nFADC*/d  (1) 

where d is the spacing between substrate and tip and C* is 
the s u m  of the concentrations of oxidant, C,, and of reductant, 
CR. D is the diffusion coefficient (assuming Do = DR = D, 
in which DO and DR are the diffusion coefficients of oxidant 
(0) and reductant (R), respectively) and A is the electrode 
area. An actual planar disk electrode will show behavior more 
like a hemispherical electrode, especially when d >> a (where 
a is the disk radius) (16,17). Under these conditions, or when 
the tip actually has a spherical or hemispherical shape, the 
approximate expression for i is (14) 

(2 )  

where r is the radius of the sphere. For a cone-shaped tip, 
the approximate current is given by (14) 

i = 2anFDC*a*(l + a2)lI2[1 - y' In (1 + 1/74] (3) 

where (Y = a*/H,  where a* is the cone base radius and H i s  
the height, and y' = d / H .  Note that in this latter case (Figure 
41, the current becomes independent of tip-to-substrate 
spacing at  very small d (as y - 0) (14). Thus a conical or 
tapered cylindrical tip would be less useful than an inlaid disk 
or hemisphere for probing the topography of a substrate. 
Actual tips may have more complex shapes as are sometimes 
observed in ultramicroelectrodes (10, 11). 

Collection Experiments. In the collection mode the tip 
is used as the detector only. The collection experiments can 
be performed in several operation modes. In the transient 
generation/constant potential collection (TG/CPC) mode, the 
potential of the substrate is stepped to a value, Es, where an 
electrochemical reaction, for example, the oxidation R - 0 
+ ne, occurs. The tip is held a t  a potential, ET, where re- 
duction of 0 back to R takes place. The tip current, iT, is 
monitored as a function of time at  constant z. The TG/CPC 
mode is analogous to transient experiments at  the rotating 
ring-disk electrode (RRDE), where a product produced at  the 
disk is swept convectively to the collector ring. With the 
TG/CPC mode it should be possible to calculate the distance 
between the tip and substrate from the time for the onset of 
the collection current, Le., the time required for substrate- 
generated 0 to transit the gap and reach the tip. This ap- 
proach has also been used to determine the concentration 
profile of oxidized species, Co(z,t), near a substrate for 2 < 
z < 75 gm at 0 < t < 4 s by neglecting any distortion of the 
diffusion layer caused by the tip (6). A problem with this type 
of experiment is that the large current generated at  the sub- 
strate by the potential step, which is composed of both non- 
faradaic (charging) and faradaic components, is coupled via 
the interelectrode capacitance and resistance to the tip and 
produces a transient tip current that interferes with the 
measurement of the faradaic iT, especially at  smaller t and 
z. This transient, in the direction of the substrate current, 
is clearly seen in the experiment in Figure 5 and makes it 
difficult to estimate the time for the onset of the collection 
current (Le., the diffusional transit time between substrate 
and tip). The magnitude of this transient increased with the 
size of the substrate (i.e., with is) and would be of greater 
importance as the transit time decreased, i.e., as z decreased. 

Alternatively, the tip potential can be scanned while the 
substrate potential is changed. For example, a linear potential 
sweep can be applied to the tip to observe products generated 
at the substrate in the generation/cyclic voltammetric col- 
lection (G/CVC) mode. The observed tip current depends 

i = 2anFDC*r In [l + ( r / d ) ]  
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Flgure 5. Substrate current (is) (A) and tip current (IT) (B, C) for a 2.5 
mm radius Pt disk substrate stepped from 0 to 1.0 V vs AgQRE with 
detection at a 5 pm radius Pt disk tip held at 0 V vs AgQRE at a 
distance, d ,  of about 2.5 pm from substrate. The solution was 2.5 
mM ferrocene and 25 mM TBABFl in MeCN. 
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Figure 6. Cyclic voltammetry at 5 pm radius Pt disk tip above a 2.5 
mm radius Pt disk substrate held at E, = 0.0 V vs AgQRE with in- 
terelectrode separation, d ,  of 2.5 pm. Solution contained 2.5 mM 
ferrocene and 25 mM TBABF, in MeCN. 

upon the scan rate (v), d,  and Es. Typical experimental curves 
for a 5 pm radius Pt tip over a 2.5 mm radius Pt disk substrate 
in a solution of 2.5 mM ferrocene (Fc) in MeCN, 25 mM 
tetrabutylammonium fluoroborate (TBABF4) are shown in 
Figures 6 and 7. When d is large (e.g., 5 mm), the substrate 
has no effect upon the tip current, and typical ultramicroe- 
lectrode behavior ( 1 0 , I I )  is observed. At slow scan rates (e.g., 
51 V/s), the anodic current for Fc oxidation attains a 
steady-state value given by (10, 11) 

i = 4nFDC*a (4) 

where a is the radius of the ultramicrodisk and C* is the bulk 
concentration of Fc and no cathodic current appears. At fast 
scan rates (e.g., 1100 V/s) a cyclic voltammogram closer to 
that expected of semiinfinite linear diffusion is obtained. 
When the tip is moved close to the substrate (e.g., ca. 2.5 pm), 
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Table I. Phase Angle (8) and Relative Amplitude ( R )  Slopes for an ac Collection/Generation Experimenta 

forward scanb reverse scanc 
frequency ( f ) ,  Hz aO/az,d deg pm-l a log R/az: pm-l ( d O / d ~ ) / f ' / ~  (a log R/dz)/f1/2 aO/az,d deg pm-' a log R/az: pm-l 

0.75 3.0 0.0245 3.46 0.028 3.2 0.0245 
1 3.64 0.029 3.64 0.029 
1.5 4.25 0.037 3.47 0.030 4.25 0.037 
2 5.1 0.043 3.61 0.030 5.8 0.041 
3 6.4 0.059 3.69 0.034 6.1 0.059 
4 1.3 0.067 3.65 0.034 7.3 0.070 
5 9.4 0.081 4.2 0.036 9.5 0.085 

"Pt electrode substrate in 5 mM K,Fe(CN)6, 5 mM KSFe(CN)6, 1 M KC1, modulated with 0.1 mA at frequency f with 6 pm C tip at -0.3 
V vs SCE. *Tip moving toward substrate. CTip moving away from substrate. dSlope of 0 vs z curve for z of 0 to 3.7 pm. e Slope of log R 
vs z curve. 
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Flgure 7. As Figure 6, except E,  = 1.0 V vs AgQRE. 

as in Figures 6 and 7, the tip current depends upon the nature 
of the substrate and its potential. For example, when the 
substrate is held at  0 V (Figure 6), Fc+ generated at  the tip 
is reduced to Fc and the anodic current is increased, compared 
to that when d is large. This feedback effect, discussed in more 
detail later, also results in a greater similarity of the anodic 
currents at  large and small u. The cathodic current at  larger 
u is reduced, since Fc+ generated at  the tip is consumed at  
the substrate. When the substrate is held at  1.0 V and d is 
small (Figure 7), the anodic current is greatly decreased, since 
there is little unoxidized Fc in the region of the tip. The 
cathodic current is increased, since the tip is now acting in 
a collection mode, with the substrate acting as a generator of 
Fc+. This CV mode of operation would be especially useful 
in identifying species or in elucidating the kinetics of unstable 
species dissolved from the substrate. 

ac Mode. Another collection mode (called the ac genera- 
tion/ collection mode) involves applying an alternating po- 
tential or current variation to the substrate (optionally su- 
perimposed on a controlled dc substrate potential, Es) and 
determining the ac component of the tip current at  a given 
ET with a lock-in amplifier referenced to substrate signal. The 
principles of this technique and some preliminary experiments 
are included here. When an alternating current, i = Z sin wt, 
is applied to the conductive substrate electrode immersed in 
a solution containing both forms of a redox couple (O/R), the 
electrolysis that occurs induces a sinusoidal variation of the 
concentrations of 0 and R at the electrode surface. This type 
of electrolysis has been considered originally in connection 
with electrochemical studies by Warburg and Kruger and is 
treated, for example, by Vetter (I@, where further details of 
the mathematical development can be found. The concen- 
tration variations in the vicinity of the substrate electrode 
surface are in the form of an exponentially damped sinusoid 
of the form (j = 0, R): 
Cj(z,t) = Cj + A* exp(z/z , )  sin [ u t  - z / z o  - r / 4 ]  (5) 

where zo = ( ~ D / W ) ' / ~ ,  Cj is equilibrium concentration of j (j 
= 0, R, both with a diffusion coefficient, D) and A* = I /  
~ F ( D W ) ' / ~ .  The tip, held at a suitable potential, will sense the 

local concentrations in the vicinity of the tip through variations 
in iF Thus from eq 5, iT will vary with z, the tip distance from 
the substrate electrode, as an exponentially decaying sinusoidal 
function about a steady-state value. If iT is measured with 
respect to the current applied to the substrate, is, e.g., with 
a lock-in amplifier, the following characteristics are expected 
(1) The measured peak-to-peak tip current should decay ex- 
ponentially with tip-to-sample distance, z. (2) The phase angle 
between the substrate and tip current, 0 = Iz/zo + r/41, should 
be proportional to z and should approach 45O as z -+ 0. (3) 
do/& = ( 0 / 2 0 ) ~ / ~  and thus d0/dz varies as f / 2 ,  where f is the 
frequency of the applied ac (w = 2 ~ f ) .  (4) The amplitude of 
the sinusoidal concentration wave, R = A* exp(-z/zo), so that 
Id In R/azl = l/z, = ( W / ~ D ) ' / ~ .  Since the tip current is pro- 
portional to concentration, d log iT/& should also vary as f / 2 .  

Experiments were carried out to determine a log R/az and 
do/& as functions off. These involved a 6 pm diameter C 
tip above a Pt substrate immersed in a solution containing 
5 mM each K,Fe(CN), and K,Fe(CN), in 1 M KC1. The 
applied ac peak substrate current was 0.1 mA (producing a 
variation of f30 mV around the rest potential) and ET was 
-0.3 V vs SCE. The modulation frequency, f, was set at a given 
value between 0.75 and 5 Hz, and 0 and R recorded from the 
lock-in amplifier outputs as the tip was advanced toward the 
substrate at a rate of 0.1 pm/s and then r e t r a d .  Recordings 
of 0 vs z and log R vs z were linear over the z-region inves- 
tigated, 0-3.7 pm. The slopes of these lines are listed in Table 
I. As predicted, M / d z  and d log R/dz are proportional to ?I2, 
with values of (d0/az)f-1/2 = 3.59 (fO.lO) deg pm-' HZ-'/~ and 
(d log R/az)f-1/2 = 0.031 (f0.003) pm-' Hz-'l2 for f or 0.75-4 
Hz. These values are close to those predicted from the re- 
lations for these values [i.e., ( ~ / W ' / ~ Z ~ )  or (2D)- ' /2] ,  which in 
the same units are 3.64 deg pm-' Hz-'l2 and 0.028 pm-' Hz-'12, 
respectively. At  higher frequencies, the results deviated from 
these values, even though the values of 0 and R were repro- 
ducible for the tip advancing toward and retracting from the 
substrate, and 0 vs z and log R vs z plots became nonlinear. 
Deviations were particularly pronounced in the longer distance 
region (23 pm). These deviations can probably be attributed 
to some capacitive coupling between tip and substrate. Other 
factors that may be important in this mode of operation in- 
clude feedback from the tip to substrate (not taken into ac- 
count in eq 5 )  and the disturbance of the concentration profiies 
near the substrate surface caused by the tip. This latter effect 
will be especially important when the tip is scanned over the 
substrate. The nature of the tip, e.g., the quality of the seal 
between metal or carbon and the glass insulating sheath, is 
also an important factor in tip/substrate coupling, since poor 
sealing increases the tip capacitance. 

These results suggest that the ac generation/collection 
mode, with measurements of 0 or R,  can be used in scans of 
substrate surfaces. High resolution, based on the slopes of 
the 0 vs z and log R vs z curves found here, will require 
application of higher modulation frequencies and smaller tips. 
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A preliminary experiment involving a scan with the 6-pm C 
tip across a grid of 7-pm Au wires spaced about 24 pm apart 
showed small oscillations in 0 and log R at the expected ca. 
25 pm spacing, but the resolution was poor. As suggested by 
a reviewer, application of ac approaches that decrease double 
layer capacitance contributions, e.g., second-harmonic meth- 
ods, may be useful. 

Feedback Experiments. In the feedback mode a potential 
is applied to the moving tip which is used as both the source 
and the detector; the tip current (4) is a function of the nature 
of the substrate and the distance between substrate and tip. 
When the substrate is conductive or semiconductive, the 
oxidized form, 0, formed at  the tip can be reduced a t  the 
substrate producing R, which diffuses back to the tip. This 
causes iT to be higher than it is when the tip is far (d - m) 

from the substrate. The magnitude of this "feedback" com- 
ponent of the current is a function of the distance between 
the generator tip and the substrate (the smaller d, the larger 
the feedback current). This type of feedback effect is unique 
to closely spaced electrodes in quiescent solutions, e.g., it is 
not found with the RRDE where hydrodynamic flow from disk 
to ring prevents any detectable disk feedback current and has 
been addressed experimentally and theoretically at  microe- 
lectrode arrays (18, 19). One can think of this as a form of 
"electrochemical radar", where the wave of 0 generated at  the 
tip interack at  the substrate to "reflect back" a wave of R that 
is detected a t  the tip. As opposed to actual radar, which is 
basically a transient technique, this feedback mode can also 
be used a t  steady state. This mode has the advantage over 
the transient collection mode in that the coupling transient 
is absent, since only measurements at  the tip are made, 
permitting the examination of very small distances and short 
times. Moreover, the feedback mode is also useful when the 
substrate cannot be conveniently held at  an externally applied 
potential (e.g., when it is a small isolated conductive zone) 
or when application of a potential might cause undesirable 
reactions or decomposition of the substrate (e.g., for Pt 
sputtered on mica (211, where hydrogen evolution can cause 
the Pt to peel off). In the feedback mode the substrate itself 
need not necessarily be connected to an external potential 
source (e.g., a potentiostat), because most of the conductive 
substrate is located away from the tip reaction and is bathed 
in a solution containing mainly R, maintaining it at a potential 
negative to the formal potential, E O ' ,  of the O/R couple. In 
this case, the localized reduction current at  the portion of the 
substrate under the tip can be driven by the oxidation of R 
at those portions of substrate away from the tip region. The 
feedback mode can also be applied to an insulating substrate, 
as discussed in the next section. 

We will describe several experiments in the feedback mode 
and give a more quantitative treatment of the feedback current 
at the tip. Consider the current at an ultramicroelectrode (a 
= 5 pm) immersed in a solution of 2.5 mM Fc in 25 mM 
TBABF4, MeCN over a 2.5-mm Pt disk substrate (Figure 8). 
When the tip is far (>lo0 pm) from the substrate, iT is not 
affected by the presence of substrate; i~ (d -+ a) is given by 
eq 4 (10 , l l ) .  When the tip is close to the substrate, i.e., as 
d -+ 0, the tip current can be approximated by eq 1 or with 
A = r u 2  by 

iT(d) = nFDC*ra2/d (6) 

Normalizing iT(d) with respect to iT(d - m) yields 
iT(d)/iT(d + m) = ( ~ / 4 ) ( ~ / d )  (d + 0)  (7a) 

iT(d)/iT(d 4 a) = 1 (d .--+ m) (7b) 

As shown in Figure 8, the theoretical computer simulation 
curve (22) fits the experimental results quite well. The curve 
exhibits an expected straight line (eq 7a) at  small d and iT- 
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Figure 8. Normalized current vs a / d ,  where a = tip radius (5 pm). 
Dotted line with zero intercept is plot of thin layer eq 1. Solid curve 
is the computer-simulated theoretical curve. Experimental data are 
shown by open squares. 

(d)/4nFDC*u deviates to 1 (eq 7b) a t  large d. With this 
calibration curve the distance between substrate and tip can 
be found from the measured tip current and known tip di- 
ameter. Thus, 4, which varies as l/d, is a measure of distance, 
d, as compared to the situation in STM, where the tunneling 
current varies as exp(-const d )  ( I ) .  

The feedback mode can also be used with a nonconductive 
substrate. In this case, iT is perturbed because the substrate 
interferes with the essentially hemispherical diffusion field 
to the tip, causing a decrease in iT as the tip-to-substrate 
distance is decreased. When the tip gets close to the insulating 
substrate, diffusion to the tip is hindered (i.e., a portion of 
the hemispherical diffusion zone is blocked). To demonstrate 
this effect, preliminary experiments were carried out with a 
50 pm diameter glass fiber on glass microscope cover slip 
substrate (Figure 9). When the tip was above (ca. 60 pm) 
the cover slip, the current was slightly smaller than iT(d - 
a) (17.3 nA). As the tip was scanned over the 50-pm fiber, 
the current decreased because the fiber interfered with dif- 
fusion to the tip. This decrease in current was smaller when 
the tip was scanned at a larger distance above the fiber (Figure 
9B). Note that the width (in time) of the current decrease 
region corresponds approximately to that of the fiber at  this 
scan rate (dx/dt) and that the symmetrical shape of the iT 
vs t (or x )  is that expected for the circular cross section of the 
glass fiber. Moveover, the iT vs t trace, when the tip scan 
direction is reversed, is essentially the mirror image of the 
forward scan at both values of d. The ability to examine an 
insulating substrate is unique to this mode of operation and 
to the SECM as compared to the STM. Insulators can be 
examined by the atomic forces microscope based on different 
principles (23). 
Thus the in feedback mode, the difference in the conductive 

nature of the substrate determines whether i~ > iT(d - a) 

(conductor) or iT < iT(d - m) (insulator). To demonstrate 
this effect on a substrate with both types of regions, the tip 
was scanned above a structure made by folding a 40 pm thick 
Pt foil, insulating between the folds with epoxy cement, and 
cementing this between two glass microscope slides (Figure 
10B). The surface of this structure was polished flat with 
sandpaper (grit 600) and 5-pm diamond paste. When the tip 
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Figure 9. (A) Tip current for 5 pm radius R disk held at d < 60 pm 
from a glass substrate with a 50 pm diameter glass fiber and scanned 
at 6 pm/s. E, = 1.0 V vs AgQRE. Solution as in Figure 6. Scan 
direction reversed at 30 s. (B) d > 68 pm, scan direction reversed 
at 40 s. 

was scanned (d < 10 pm) above the glass region, I T  was smaller 
than the iT(d - m) of 17.3 nA (Figure 10A). When the tip 
was above the conductive Pt region, iT > iT(d - m), with the 
epoxy region represented by a current dip. Again, the pattern 
produced a mirror image when the scan direction was reversed. 

This SECM feedback approach is potentially a powerful 
one for obtaining a two-dimensional (x-y) scan across a surface 
with both conductive and insulating regions. Scans with the 
substrate held at different potentials may also be informative 
in distinguishing different conductive regions with different 
heterogeneous electron transfer rates for the substrate reaction 
(0 - R). Under these conditions the choice of the redox 
couple (O/R) will be important. The couple should also be 
selected with regard to the chemical nature of the substrate, 
i.e., couples with very positive E" values should be avoided 
with oxidizable substrates, such as copper and couples that 
might cause gas evolution, e.g., MV2+/+ (MV2+ = methyl 
viologen), should not be used with Pt substrates, where H2 
formation could occur. This would be especially important 
with substrates such as Pt on mica, which are unstable in the 
hydrogen evolution region. Although the resolution seen here 
is low, because the tip diameter is rather large, the principles 
demonstrated should apply with smaller tips. As with the 
STM, the tip shape is important in obtaining good resolution. 

CONCLUSIONS 
The results given here suggest that SECM can be employed 

to investigate surfaces immersed in liquids with good reso- 
lution. Although the x-y resolution demonstrated here is only 
of the order of micrometers, improvements in tip preparation 
and control should allow higher resolution to be obtained. The 
preparation of flat, small, diskahaped electrodes surrounded 
by a thin insulating layer is probably the most important factor 
in improving the resolution. Another problem that must be 
considered as the tip is scanned above a substrate is the 
perturbation of the diffusion layer by the tip structure itself. 
Clearly, the smaller the tip, the less the diffusion layer per- 
turbation will be. The feedback mode seems to be especially 
useful for several reasons. It can be applied with both con- 
ductive and nonconductive substrates and will probably be 
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Figure 10. (A) Tip current for 5 pm radius R disk scanned at 6 pmls 
about 10 pm above a Pt/glass structure shown in (B). Conditions as 
in Figure 6. Scan direction reversed at 60 s. 

less sensitive to the tip perturbation effects mentioned above, 
since the diffusion layer of interest in the measurement ori- 
ginates at  the tip rather than at the substrate. It should also 
be less sensitive to interelectrode and external coupling effects 
and to charging current perturbation. 

Although the results discussed here emphasized only 
electrochemical measurements in SECM, other modes of 
operation should be possible. For example, electrogenerated 
chemiluminescence (ECL) (24) or inverse photoemission 
spectroscopic (IPS) (25,26) modes of investigating conductive 
substrates would involve detection of light emitted as the tip 
is scanned across the surface with tip and substrate potentials 
adjusted to generate suitable intermediates. Similarly, an 
electroluminescent (EL) method might be of interest in the 
investigations of semiconductors (27,28). Note that in these 
methods the resolution attainable is a function of the tip size 
and distance from substrate rather than the wavelength of 
the emitted radiation. Alternatively, the effect of irradiating 
the substrate (e.g., a semiconductor) with suitable radiation 
(larger than the band gap) and recording the tip photocurrent 
as a function of tip position might be useful in the mapping 
of a surface in photoelectrochemical (PEC) experiment. This 
would be analogous to the technique previously described 
where a laser beam was rastered over a semiconductor surface 
to obtain information about surface states and structures (29). 
Note that this PEC mode of operation has already been em- 
ployed to etch thin lines in a GaAs substrate immersed in 
solution (8). 
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A method for testing raw materials has been developed by 
using SIMCA (soft lndependent modeling of class analogy) 
analysis of near-infrared reflectance spectra. Samples are 
cladfled as acceptable or unacceptable based on probabUtty 
levels obtained from an P test. Over 400 first derivative 
spectra of six types of pharmaceutical raw materials were 
tested. The method had an overall recognition rate of 95 % 
for acceptable samples and a 99 % relection rate for unac- 
ceptable samptes. The single unacceptable sample classlfled 
incorrectly dmered from the “training” samples only in particle 
sire distribution. Minor levels (ca. 1 % ) of contaminates were 
detected. Materlais rejected during the manufacturing pro- 
cess by manual testing were detected. Subclustering with 
respect to suppliers was Investigated. Sources of variation 
in the spectra were analyzed, including short-term and long- 
term instrumental variation, variatlon due to cell repacking, 
and variation between productlon lots. 

INTRODUCTION 
Near-infrared reflectance (NIR) spectroscopy has become 

recognized as a rapid and sensitive method of analysis of 
organic materials. The near-infrared spectral region, which 
spans from 1100 to 2500 nm, has high information content 
in the form of numerous overlapped absorption bands arising 
from overtones and combinations of X-H stretching modes 
of vibration ( I ) .  Research conducted by Norris and co-workers 
in the 1960s indicated that NIR spectroscopy was applicable 
to the quantitative analysis of moisture, protein, starch, lipid, 
and fiber content in grain and forage crops (2,3). Near-in- 
frared reflectance analysis (NIRA) has now found numerous 
applications in the food-processing, textile, cosmetic, clinical, 
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polymer, agricultural products, and pharmaceutical industries 
(3-7). 

This widespread use of NIR spectroscopy can be greatly 
attributed to the introduction of powerful computerized data 
processing techniques for quantitative interpretation of the 
complicated NIR spectra. Multiple linear regression has been 
the most frequently used technique for quantitation (2,3,5,  
8 ) ;  however, partial least squares and principal component 
regression have also been reported as successful computational 
methods for interpretation of the spectra (9-11). 

Unfortunately, these techniques do not lend themselves well 
to qualitative determinations. Lodder, Hieftje, and Selby have 
recently reported advances in detection of capsule and tablet 
tampering (12,13). The pattern recognition technique called 
BEAST, the acronym for bootstrap error-adjusted single- 
sample technique, was used for analysis of NIR spectra of 
capsules and tablets. The capsule and tablet adulterants 
detected in their research included KCN, NaCN, NaF, Asz03, 
Fe203, and aluminum shavings. Linear discriminant analysis 
and Mahalanobis distance techniques have also been used for 
qualitative identification of materials (14). Both methods 
require selection of an optimal set of discriminating wave- 
lengths, either by visual means when only a few compounds 
are being analyzed or by computer analysis when the number 
of training set classes becomes larger. In linear discriminant 
analysis (LDA), the spectra of samples are classified by finding 
a linear function that separates categories of spectra based 
on their absorbances at optima1 wavelengths. When optimal 
pairs of wavelengths are used as X,Y plotting coordinates, 
samples tend to cluster by category. Ideally, easily separated 
clusters are observed for each category of material. The major 
shortcoming of this technique is the inability to recognize 
samples that are outliers. Mark and Tunnel1 report the su- 
periority of a method using Mahalanobis distances for 
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