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Carbon nanotube tipped atomic force microscopy for measurement
of <100 nm etch morphology on semiconductors
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The use of carbon nanotubes as tips in atomic force microscopy for a systematic study of dry etching
pattern transfer in GaAs is described. The GaAs samples are patterned via electron beam
lithography and then etched using magnetron reactive ion or chemically assisted ion beam
processing. The technique allows diagnosis, in air, of etched features with scale siz&@0ofim.
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While there has been a considerable volume of researclssues of etching morphology are relevant for all feature
directed at understanding the electrdrfiand mechanical sizes, they become extremely difficult to control for features
properties* and production mechanisié of carbon whose dimensions are in the nanometer regime. Furthermore,
nanotube$ their technological applications have received farsince the role of the surface becomes progressively more
less attention. Recently, the advantages of carbon nanotubi#sportant as the feature size decreases, at nanometer-scale
as tips in atomic force microscopy have been described anstructures the electronic and optical properties of the feature
demonstrated.Because of the small diametét—10 nm),  can be dominated by sidewall effects such as surface recom-
high aspect ratio, and, in some cases, smooth end terminatidrination and near-surface damage.
of nanotube tips, atomic force microsco@@FM) with nano- The use of nanotube AFM as a probe of microfabricated
tube tips allows imaging of relatively deep features at neacomponents was first described by Baial® In this letter
nanometer resolution. In addition, while conventional siliconwe present a study which shows the utility of this technique
tips may generate impact forcesL00 nN on the surface, the in observing and diagnosing the interplay of physical pro-
maximum force transmitted by nanotube probes is limited bycesses important in dry etching of features<df00 nm scale
the Euler buckling force 010 nN. After the Euler buckling size. For this study, nanometer-scaled features are fabricated
force is exceeded, the carbon nanotube tips bend easily with GaAs-based materials using two different etching tech-
little additional force, resulting in gentle imaging ability as niques, magnetron enhanced reactive ion etchivi¢g)'
well as tip longevity. Since the technique can be readily use@nd chemically assisted ion beam etchiGAIBE).**~**The
in an air environment, it provides a complementary capabilmorphology of the structures etched using MIE and CAIBE

ity to scanning electron microscog$EM). are investigated as a function of etching parameters using
There is also considerable interest in the fabrication ofAFM with carbon nanotube tips, as well as SEM.
ultrasmall(<100 nm) features in elemental and I1l-V semi- To evaluate the etching conditions necessary for the fab-

conductors for their potential applications in electronic andrication of ultrasmall structures, highly dopedGaAs (100
photonic devices. The usefulness of these features depengidbstrates were used. The mask pattern was fabricated at the
on their morphological and electronic properties which, inCornell Nanofabrication Facility using electron-beam lithog-
turn, may be heavily dependent on the details of the patter/@Phy on a 30 nm Ni thin film. The MIE etch experiments
transfer process that is used to fabricate the structdréd. were conducted in a MRC 710 magnetron reactive ion etch
An excellent example of the issues involved in the transfeystem at the Army Research Laboratory at Ft. Monmouth
process is the tradeoff between ion energy and chemica|Sing a chamber pressure of 2 mTorr and a ok rate of
etching encountered in the dry etch process. Higher energg Sccm. Samples were etched at various combinations of rf
ions are necessary to provide sufficient etch anisotropy t§oWwer(correlating with sample biasnd etch time to inves-
give vertical sidewalls; purely chemical-based etching leadé9ate the effects of these parameters on feature morphology.
to undercutting of these sidewalls. However, if the ion en-The CAIBE experiments were performed upim 3 cmKauf-

ergy is too high, the surface mask will be eroded yielding™an source with 500 eV Ar ions at a pressure of

74 - .
rounded or even severely eroded features. Although these<10 " Torr and C} as the reactive gas at various flow
rates. The surface etch depth and feature morphology were

) _ o evaluated after each experiment using scanning electron mi-
zfztzgtozddress. Department of Chemistry, Stanford University, Stanforc&roscopy or carbon nanotube tipped atomic force micros-

PPresent address: National Institute of Standards and Technology, GaitherSOPY- The Qarbon naUOtUbes were attacheq to C_Oba|t'coat9d
burg, MD 20899. silicon cantilevers, using the procedure outlined in Ref. 17.
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of aggressive etching conditions. In particular, the features
display slightly sloping sidewalls and cusped tops. Notice,
however, that the nanotube AFM scan provides far more
detailed information about the condition of the masks than
either the SEM or the silicon nitride tipped AFM images.
The nanotube picture shows clearly the uneven, craterlike
appearance of the structures with surface spatial features as
small as~30 nm clearly discernable. The high resolution
makes it possible to detect consistent details in the erosion
pattern from feature to feature, involving an apparent en-
hanced erosion at the feature center and transverse nonuni-
formity from right to left in the scan. Not all the features on
the etched sample were eroded in this manner and, probably
as a result of nonuniform mask deposition, regions of rela-
tively smoothly etched features were also evident. The side-
wall slope of the structures is measured at 80°, well below
the 88° resolution limit of this nanotube AFM scan; this limit
was set by the AFM sampling interval in the horizontal di-
rection and the height of the features. In comparison, the
silicon nitride tip measured this slope at 73°. As a result of
the size and geometry of the silicon nitride tip, the images
3 obtained with it show features that are larger and have
(b) 1 . greater sidewall slopes than the actual features. Finally, the
Hm nanotube AFM image also reveals slight trenching at the
base, a feature not evident in the other scans. Such trenching
is known to occur as a result of the deflection of bombarding
ions by the sidewalls during etching.
Examples of the utility of carbon nanotube tipped AFM
in the diagnosis of this ion energy dependence of etch mor-
phology are shown in Fig. 2 for MIE-etched features. Here,
samples with 70 nm diameter circular mask patterns were
etched with different sample biases and time durations, i.e.,
400 W rf power for 10 $Fig. 2(a)], and 20 gFig. 2(b)], and
with 200 W for 20 s[Fig. 2(c)]. The 400 and 200 W input
powers correspond to sample biases of 75 and 30 V, respec-
tively. The AFM pictures show clearly the strong depen-
dence of feature morphology on the etching parameters. For
FIG. 1. Comparison of SEMa), nanotube tipped AFMb), and standard  the sample etched with 400 W for 10 s, the features are
T e e I o212, 1o, anisatropically etched and have diameters-dfs nm. Note
and an ion beam current density of 1.1 mAfcm that the masks are pointed due to erosion of the mask edges;
this same process has led to etch-induced sloping of the side-
walls. As a result, as shown in Fig(l2, a longer etch time
Carbon nanotube tipped AFM imaging of nanostructuresyith the same power caused the surface masks to be com-
was first examined at relatively large scale200 nm, since pletely eroded and, consequently, the features were de-
the overall contour of features with this dimension can bestroyed. At lower ion energiggig. 2(c)] the structures had
imaQEd independently with a SEM. In addition, these Sam%rger average widths;-120 nm, because at these ion ener-
features were also examined with a standard silicon nitridgjies the etching was not as directionally well defined. How-

tipped AFM in order to compare the highest spatial resoluever, the lower ion energies also caused the mask erosion to
tions, i.e., those<200 nm, with those scanned with the nano-pe not as pronounced as in FigaR or even more clearly in

tube tip. The silicon nitride tip used for this comparison wasFig. 2(b), and hence all the features are intact.
a Digital Instruments oxide-sharpened probe with a square These results may be compared with studies of MIE
pyramidal shape. The oxide sharpening process for this tiptching of somewhat larger diameter features. Luminescence
produces a cusp-shaped gnéar the last 100—200 nm of the studies of MIE-etched microsized featuf®show lower
tip) with a nominal tip radius of curvature €20 nm, for  sidewall damage at 400 W rf power than at 200 W. This is
high resolution imaging. For this comparison, the featureslue to the higher directional character of the ion bombard-
(Fig. 1) were etched via CAIBE using 200 nm diameter ment at higher bias. Interestingly, the etching of features at
masks fabricated with electron beam lithography and liftoffthese larger diameters, also with an approximate unity aspect
of a 100 nm Cr/200 nm Au thin film on GaAs. ratio, showed little or no degradation of the mask. Presum-
All three pictures of the etched features in Fig. 1 showably this is simply a result of the larger feature size com-
the same overall surface morphology, resulting from a choicpared to the usual edge degradation. However, with the
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sample surface, the image, and the tip, respectively, in terms
of the coordinates of the surfageand of the image’, with
Ax=x—x". Such deconvolution algorithms may be readily
used for tips with well characterized geometi8# com-
puter program developed for this purpose by Markiewicz
et al?! can be easily applied to standard or nanotube tips and
also shows the utility of carbon nanotube tips for producing
higher resolution images.

In summary, atomic force microscopy using carbon
nanotube tips has been applied to diagnose the morphologi-
cal characteristics of etched nanoscale GaAs features. GaAs
structures with Cr/Au masks, fabricated via chemically as-
sisted ion beam etching, were diagnosed utilizing carbon
nanotube tipped AFM, which was able to detect small details
of feature degradation not visible with standard silicon ni-
tride tipped AFM or SEM. Atomic force microscopy with
carbon nanotube tips was also applied to the evaluation of
magnetron reactive ion etching in the fabrication of features
in GaAs down to 70 nm in diameter. The nanotube AFM
images showed with high resolution the extent of feature
erosion under certain etch conditions.
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