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Removing optical artifacts in near-field scanning optical microscopy
by using a three-dimensional scanning mode

Claire E. Jordan, Stephan J. Stranick,® Lee J. Richter, and Richard R. Cavanagh
Surface and Microanalysis Science Division, National Institute of Standards and Technology, Gaithersburg,
Maryland 20899

(Received 28 January 1999; accepted for publication 1 June) 1999

We demonstrate a method of acquiring near-field scanning optical microscopy data that allow
for the constructionof three different types of images from one data set: topographic, constant-
gap, and constant-height. This data set includes the topographic features of the surface and
the optical response at various heights above the sample surface. Comparisons are made between
the images recorded in this format and both conventional, constant-gap mode images,
and pseudoconstant-height mode images constructed using a single retraction Zurve.
motion artifacts are identified by analyzing the optical intensity for a given image as a function

of the sample topography. Using this procedure it is shown that signifizamition artifacts

exist in the constant-gap images of gold particles immobilized on a glass slide. These artifacts are
avoided by constructing constant-height imag&0021-897®9)07517-9

I. INTRODUCTION A few experiments have been reported that utilized
. _ . _ . constant-intensity or constant-height modes to collect NSOM
Near-field scanning optical microscofNSOM) is a  jmages or to examine how the intensity changes as a function

technique that can provide spatial resolution well beyond they {a apertured probe-sample separatfbi? In one of the
diffraction limit of light with demonstrated resolution down & applications of a three-dimensional scanning mode

. 1’2 . . .pe . _
to approximatelyN/20.2“ This represents a significant im SOM, Levy, Cohen, and Auschalam imaged the wave-

provement over the conventional optical methods. In one o I
the most common implementations of NSOM the high resolronts that extend away from a patterned silicon surface by
iring a series of CHM images at various heidhts.

lution is achieved by scanning a subwavelength apertur@cdu!
over the sample surface at a distance much less than off¥hile this approach achieved its desired goal of imaging
wavelength away from the surface. Generally the aperture igavefronts that extend off the surface, the scan heights used
scanned while maintaining a constant gap of a few nanommoved the surface out of the near field, degrading the achiev-
eters between the aperture and the sample using one ofable resolution. In another three-dimensional scanning mode
number of types of feedback control; this is referred to asNSOM application, Hatano, Inaiye, and Kauate used a scan-
constant-gap modéCGM) imaging. A common feedback ning sequence similar to the one presented keze experi-

method used in NSOM is bgésed on shear forces between thgania| sectionto acquire CGM line scans at various gap
sample and apertured probeA NSOM instrument based distances with an apertureless NSOM configuratfoim. ad-

on feedback control will simultaneously provide toDOgraphICdition to these experiments that construct true CHM images,

and optical information about the sample surface, makinqN 4B h d ibed hni h i
NSOM multitasked. However, operating a NSOM in this eston an uratto. ave ) escribed a technique that utilizes
small number of intensity scans normal to the surface,

mode on rough surfaces has been shown to cause optica ' )
artifacts that often overshadow atiyie optical contrast termed retraction curves, to calculate pseudo-CHM imabes.

These optical artifacts arise from the changing optical inten-  In this article, we report a method of collecting NSOM
sity measured as the separation between an apertured NSQidta that avoidg-motion artifacts by constructing CHM im-
probe and the sample is varied. This results in a strongges from optical data collected in three spatial dimensions.
modulation of the optical signal as the probe follows a topo-nstead of collecting optical data with a fixed gap between
graphically rough surface. These changes in optical intensityhe probe and the sample surface for exdhposition, our

are termed-motion artifacts. A recent article by Heobtal.  gat5 contains a set of optical intensities collected by con-

has pointed out the prevalence pfmotion artifacts in the 1164 scans taken normal to the surfdeetraction curves
NSOM literature and suggested possible methods for their I, . N

5 . at eachXY position. Collecting data in this manner produces
removal> The methods discussed for the removal of

z-motion artifacts are to acquire the data by scanning thgybes 9f data suc.h as that shown in .Flga)_‘LThe. three- .
NSOM probe at some set height above the average surfadimensional scanning mode data contains all the information
plane (constant-height mode, CHMor while maintaining a .required to _COhSFfUCt tOpogrfElphi(?, CGM, CHM and CIM
constant optical intensitfconstant-intensity mode, CIM  images, maintaining the multitasking capabilities of NSOM.
rather than using the more routinely employed CGM. This method of data collection also circumvents problems

associated with the direct collection of CHM data: namely
dAuthor to whom correspondence should be addressed; electronic maiF.he uncert_amtles of the probe position re_latlve to the surface
stephan.stranick@nist.gov that can give erroneous data and result in probe-surface con-
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quantity. This provides topographic information about the
surface. In the NSOM experiments reported here, we add
controlled scans along the direction normal to the surfdge

by temporarily disabling the feedback loop and applying a
predetermined voltage to th&piezoelectric elements of the
sample translator. These retraction cur@sare recorded at
every point in the traditionaKY scan array. By establishing
shear force and recording tEeposition of the probe between
each of these retraction curves, we have the ability to con-
struct a topographic image of the surface. This topographic
image serves as the reference surface used to transform the
optical data volume from acquisition coordinafe®es not
account for sample topography, Figall into physical co-
ordinates[sample topography is accounted for, Figb)l,
which is required to construct the CHM images.

The following algorithm was used to transform the data
from the acquisition coordinates into physical coordinates
and then construct CHM images. First, any sample tilt was
corrected for by subtracting a plane from the topographic
image of the surface. Next, topograpX¥ Zcoordinates are
used to place the optical intensities in their appropriate posi-
tion in physical space. Once the data is transformed to physi-
cal coordinates and a linear interpolation of the optical inten-
sities measured in thédirection has been performed, a slice
FIG. 1. NSOM data recorded in four-dimensions, three spatial dimensionghrOUgh the optical data volume parallel to the average sur-
(X,Y, andZ) and one optical dimensiofiransmitted optical intensiiyThe ~ face plane produces a CHM image. The only other image
image cube shows the optical features of 80 nm gold particles immobilize&orrection performed during data acquisition or analysis is

on a silanized glass substrate. The cube covers a 1460460NnM erpolation betweeiXY points to make the images appear
X140 nm region adjacent to the sample surface with topographic chang

S .
over this area of 90 nm. Ifa) the data cube is shown in acquisition coor- ﬁess plx_elated.
dinates and ir(b) a slice atY=0 is shown converted into physical coordi- As in all scanned probe measurements, the accuracy of

nates by accounting for the sample topography. The hatched areas corthe data is limited by the uncertainty in the scanner position

spond to regions where no data is available either because that is where t o PR _
gold particle is sitting or because the tip was retracted only 140 nm abov?’fﬁd Stablllty' Both thexy positioning and the prObe sample

the topography of the sample. The grayscale represents an optical intensi%ﬁparat'on must remain stable over Iong peI’IOdS in order for
change from 480 to 1440 arbitrary units (@. Note thatZ=0 is shown at these measurements to be madé present a 2825x25

the top of the figures and corresponds to shear-force range. cube takes-2.5 h to acquirg The microscope is designed to
be thermally stable, and the control electronics, namely the

, ) ) feedback system, are stabilized for low set point and sample-
tact. Also, the three-dimensional scanning mode allows ong 4 (g drifts(XY drift <0.17 nm per min and th& drift

to compare all modes of operation within the same data SeHuring sample-and-hold mode is 0.2 nm during a 15 s retrac-
This reduces the effects of systematic errors and inconsistelabn curve before shear force is reestablished

cies that otherwise limit the comparison of different operat- - o microscope design has been described in detail
ing modes. In the sections that follow, constructed CHM Isewheré® In brief. the 488 nm light from an Aft ion laser

'”?";ges arde CC(:)ITI\aared with conver:jtlongl CGM Irlnages angs coupled into an aluminum-coated, tapered optical fiber
with pseudo- imagesgenerated using a single retrac-  nich serves as the illumination mode apertured probe. The

tion curve to understand the extent to whigfmotion arti-  horre diameter for the probe used in these particular ex-
facts can be reduced or ehmmafted. _In a(jdltlon,_a SyStemat'ﬁeriments is estimated to be 150 RhDistance control be-
method IS pro.pose_d to determ|_ne_ imotion _art_|fac_ts ar®  yyeen the sample and the probe is achieved via electronic
present in a given image. Identifying and eliminating theseyqq tion of shear-force damping of the probe and a beetle-
artifacts should make it possible to collect meaningfulg; e scanner assembly is used to control the sample position.
NSOM images from topographically rough surfaces. The transmitted light is collected by a 0.55 numerical apera-
ture optic and detected using an amplified Si PIN diode. The
Il EXPERIMENT samples consist of Au nanoparticles, immobilized on glass

In conventional scanning probe microscopes, the probépverszggi silanized  with ~ 3-aminopropyl-trimethoxy-
is scanned from point-to-point along a predetermined twoSiane:=“"The Au particles used were nominally 80 nm par-

dimensional array of data poin@ominally XY). During  ticles from Goldmark Biologicalé’
scanning, the probe measures some physical quantity, e.g.,
attractive or repulsive forces in atomic force microscopy, an(?”' RESULTS AND DISCUSSION

either records this quantity or using a feedback loop responds Figure 1 shows a set of NSOM data collected in four
to an error voltage that is generated based on the measurdimensions, three spatiéX, Y, andZ) and one opticaltrans-
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The effect of imaging the immobilized 80 nm gold par-
ticles with thg blunt structure pf an apertgred NSOM probe
RoU 500 nm 2o . ‘I can be seen in the topographic image, Fi@).2The ~750-

' - nm-wide features found in this image are representative of
the structure of the probe and not of the true surface struc-
Sk ture, as is expected when a probe which is larger than the

' particles is used for imagirg.The constructed CGM image
is shown in Fig. 2b) and a CHM image constructed at a fly
height of 102 nm is shown in Fig.(®. The CHM image is
constructed just above the highest topographic feature in or-
FIG. 2. Images constructed from the data shown in Figalltopographic,  der to produce the best resolution. For this data it is observed
(b) CGM, and(c) CHM. The cartoons underneath) and(c) show a particle tPat the size of the optical features in a CHM image increase
sitting on a glass substrate. The dotted lines indicate the approximate pab . . ..
that a probe would follow in CGM or CHM scanning and identify the PY about a third when the fly he'ght is increased bY 4_0 nm.
positions from which the intensity values are taken to construct CGM and ~ Many of the features present in the topographic image,
CHM images. The scan area for all three images is 1468 1460 nm. The  Fig. 2(a@), map directly into features in the CGM image, Fig.

gray scale represents a topography change of 90 nif@)im change in ; 5 : : : :
transmitted intensity from 480 to 1440 a.u.(lp), and a change in transmit- Z(b)' Sincezmotion artifacts often cause a direct correlation

ted intensity from 510 to 1080 a.u. in). The fly height for the constructed P€tween optical and topographic features it is expected that
CHM image in(c) is 102 nm. many of these features are artifacts. In the constructed CHM

image shown in Fig. @) it is seen that the majority of the
probe-size features observed in Fighb)2are no longer
present, indicating that these features in Figp) 2esult from

mission as described in Sec. Il. In these images the optical i . -
intensity is represented by the gray scale. Figure 2 show&motion artifacts. The prominent features observed for each

three images constructed from the NSOM data shown in Fi%article _in Fig. Zc) consist of a dark c_enter spot surrounded
1: topography, CGM, and CHM. By definition, in CGM a y two lighter lobes. In a previous article these features were

fixed separation between the probe and sample is maintainé&@mPared with theoretical findings and were shown to rep-
and the optical intensity is measured at each point on th&eSeNt true optical contra%“t_. _ _
sample surface. For CHM the optical intensity is measured at _SOme low contrast residual probe-sized features still re-
a set distancéor fly height above the average surface. Be- Main in Fig. 20), it is not clear from this image whether
neath Figs. @) and 4c) are cartoons showing a gold particle these features are due to inaccuracies in the construction of

on a glass surface. The dotted lines indicate the path that 8¢ CHM image, or if they result from interference or other
probe would follow in CGM or CHM scanning and identify mesoscale optical effecté Possible reasons for inaccuracies

the relative points from which optical intensities are takenin the construction include the necessity to interpolate optical
for the construction of CGM and CHM images. It has beeninténsities in theZ direction because of the finite number of
pointed out previously that themotion artifacts, which are POints sampled and possible material dependent variations in
prevalent in CGM imaging, can be avoided by using CHMthe probe-sample separation when the tip is in shear-force
imaging®*3 The presence a-motion artifacts in CGM and feedback. While shear-force changes due to material contrast
not in CHM images can be understood by considering thé® believed to be small‘f, typically resulting in <1 nm
formalism presented by Greffet and CarminfdtThey sepa- change in theZ direction, and interpolation errors can be
rate the signalS) measured in a NSOM experiment into two avoided with sufficient sampling, identifying possible errors

(EVRELLIET A (b) CGM (c) CHM

contributions in the construction is important. This makes it particularly
0 . desirable to have a systematic method, besides comparing
S(x,y,2)=S(2)+ S (x,y,2). (D the visual appearance of two images, to determine the degree

SY is the signal detected when scanning a flat background dp Which z-motion artifacts exist in an image.

substrate and it is a function only of the probe-sample sepa- One such method of testing farmotion artifacts is to
ration(z). S' is the differential signal resulting from a sample plot the optical intensityrecorded in CGM or CHMas a
that adds lateral structure to the substrate, i.e., from scattefunction of the topography at eacfiy point. This has been
ing processes. For a CHM image where the optical intensitglone in Fig. 3 for the optical intensity from the CGM and the

is measured at a set fly height] above the average surface CHM images in Fig. 2. Note that topography refers to the
Eg. (1) becomes actual height of the surface features and that we have this

information for our CHM image because it was collected

—_ <0 1
S(x.y:20) = 5(20) + S (XY, Z0)- 2) using a three-dimensional scanning mode. For CGM images
However in a CGM image Ed1) becomes a plot of the optical intensity versus topography will show
0 1 zmotion artifacts in the background signgS’[F(x,y)]}
6y POy 1=STROOY T STXY, FOGY), ©) plusz-motion artifacts and true optical contrast in the sample

whereF (x,y) describes the position of the probe as deter- signal{S'{x,y,F(x,y)]}. To understand the functional form
mined by the topography of the surface. Thmotion arti-  of artifacts in such plots it is useful to remember that
fact in the CGM images appears Béx,y) in Eq. (3). Since  zmotion artifacts result from a combination of the functional
the CHM signal described in E42) depends orz, and not  form of the retraction curvé8and any spatial offset between
onF(x,y) CHM images are not subject smotion artifacts.  the optical aperture and the shear-force aspei@ince there
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facts are not present in this constructed CHM image.
Although collecting four-dimensional data and con-
structing CHM images is an effective method of avoiding
z-motion artifacts, the data collection is time consuming. The
data from which the images in Fig. 2 were constructed took
approximately 2.5 h to collect. A faster method is to collect
a retraction curve for only on&Y point and calculate
pseudo-CHM images from a CGM image and the single re-
traction curve, as has been done previously by Weston and
Buratto for a combined illumination and collection mode ap-
ertured prob& and others for apertureless pro&s® How-
ever, this method will result in errors with a magnitude that
depends on the particular sample being studied. The origin of
these errors can be understood by examining(Bgwhere
the term related ta-motion artifacts,F(x,y), appears in
boththe S® andS! terms. While a retraction curve taken over
the background substrat&®(z), can be used to eliminate
. z-motion artifacts as described By(x,y) by removing the
o F(x,y) dependence from th&° term, this retraction curve
500k , , . o cannot be used to remove th€x,y) dependence from the
0 20 40 60 80 S' term, so a single retraction curve will not remove
Topography (nm) z-motion artifacts over the entire sample surface.
FIG. 3. Scatter plots of the detected optical intensity as a function of topog- 10 demonstrate this point a constructed CHM image and
raphy for the constructed CGk#&) and CHM (b) images in Fig. 2. The solid ~ a calculated pseudo-CHM image of the 80 nm gold particles
line in (a) is a retraction curve measured over a bare glass port?on qf theyn glass are compared. The CHM image shown in Fig), 2
sample surface. _The shape Qf the_scatter plots can be used to identify t%hich was constructed using all the retraction curves mea-
presence of-motion artifacts in an image. . . .
sured at eacXY point, is compared to a pseudo-CHM image
calculated from the same data set but using only a single
is typically an offset between the shear-force asperity andetraction curve measured above the bare glass substrate. The
optical aperture, as the probe moves over a topographic feémage in Fig. 4a) shows the difference in optical intensity
ture in CGM the probe will retract away from the surface between the CHM images obtained using these two methods
before the optical aperture is above that feature. This cause®rmalized to the optical intensity measured in Figc)2
an increase in the distance between the aperture and sampligure 4b) displays the optical intensity along the line indi-
and a modulation of the detected optical signal. As a result ofated in Fig. 4a). From Fig. 4b) it can be seen that at some
this modulation, ifzmotion artifacts are present in an image, points there is as much as a 20% difference in the optical
a plot of optical intensity versus topography will mimic the intensity obtained by constructing the CHM image with mul-
shape of a retraction curve, or multiple retraction curves iftiple retraction curves compared to correcting a CGM image
the surface consists of different materials. For most NSOMusing a single retraction curve.
configurations the shape of retraction curves is a combina- The origin of this error can be better understood by ex-
tion of near-field contributions and cavity mod@€®-22A  amining Fig. 4c) which plots the retraction curves collected
plot of the optical intensity versus topography may appear tdor every secondY point for this data set. It can be seen
have a positive slope, a negative slope, or even sinusoidélom the plot that while most of the retraction curves are
contributions wherz-motion artifacts are present. In general, similar and can be represented 8%(z), a few deviate sig-
true optical contrast will appear as points scattered awayificantly from the main cluster. These are the retraction
from this smooth curve. curves measured above the gold particles and include contri-
CHM images are not subject motion artifacts and a  butions fromS*(x,y,z). Since a retraction curve above a
plot of the optical intensity versus topography is expected taold particle differs significantly from a retraction curve col-
show a line with a slope of zero at the optical intensity of thelected above glass, trying to remogenotion artifacts by a
background signa] S°(z,)], where deviations away from single retraction curve correction will introduce significant
this flat line result from true optical contra8'(x,y,z)]. errors in areas containing gold particles. As seen in Fig. 4
Looking at Fig. 3a) the slope of the optical intensity versus the largest differences between the constructed CHM image
topography points suggests that there are signifizambtion  and the pseudo-CHM image are in the area above the two
artifacts in the CGM image shown in Fig(l®. This is con-  adjacent gold particles that have a 15 nm height difference.
firmed by the overlap of the data points and the solid lineIn addition to problems with pseudo-CHM images still hav-
which is a retraction curve measured over a flat glass portiomng some z-motion artifacts, the single retraction curve
of the sample. However, Fig.(8 which is a plot of the method also produces artificially high resolution in the re-
optical intensity from the constructed CHM image versussulting image. That is, the resolution in a pseudo-CHM im-
topography, shows a line with a slope of zero indicating thatige will be higher then the resolution in a true CHM image.
within the signal-to-noise of our experimemimotion arti-  This anomalously high resolution results because the single
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well as both CGM and CHM optical images. The utility of
\ this method of data collection is demonstrated through the
0 \ /J \ - elimination ofzmotion artifacts by constructing a CHM im-

|/ / age of a structured sample surface. It is also shown that by
ll plotting the optical intensity as a function of topography it is

IR
—
(=2
S
‘>

% Difference
&

15 i | possible to qualitatively determine #motion artifacts are
20 \l present in an image. Finally, comparisons are made between
*600 400200 O 200 400 -600 CHM images and pseudo-CHM images highlighting the in-

taseral Fasition {pan) trinsic nature ofzzmotion artifacts in CGM images.
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