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Nanometer-scale oxide patterns were fabricated on H-passivated Si using a scanning tunneling
microscopy(STM) in air. We found that the optimum bias voltage to generate clean and uniform
oxide patterns depends on the composition of the tip material rather than on the tip head sharpness.
For tungsten tips, oxide patterns with the desired geometrical features can be obtained at bias
voltages ranging from-0.8 to —1.2 V, while for platinum—iridium tips, the bias voltages lie
between—1.5 and—2.5 V at a fixed tunneling current of 2.0 nA. These biases correspond to the
working voltage generating the oxide pattern with the lowest apparent depth. Beyond these voltage
ranges, tip scratching on the sample surface or field-induced mass transfer from the tip might occur,
as evidenced by tip wearing and the contamination of debris of tip material in the vicinity of the
patterns. On the other hand, the tip head sharpness affects the width and the height of line patterns.
When extremely fine oxide lines were desired, a sharp tip has to be used for STM patterning.
© 2000 American Vacuum Socieffs0734-211X00)08202-(

[. INTRODUCTION IIl. EXPERIMENT

Nanometer-scale lithography has attracted a lot of interest Si(100) single crystalline wafers, 0.008—0.02 cm, n
as the sizes of integrated circuifeCs) shrink. Among the type, were used as the substrates for our experiments. They
various nanoscale fabrication techniques reported so far, lwere first cleaned by standard RCA procedures and dipped
thography using scanning probe microsc¢gPM) is one of  into a 10% HF solution for 60 s to attain hydrogen passiva-
the promising tools due to its advantages of being able téion. The Si substrate was then glued onto a disk-like sample
proximity focus and its low equipment cost. Many relatedholder by silver paste and transferred to a Digital Instru-
studies have been reported since Dagatal! presented the ments’ D3100 SPM that provides functions of both STM and
modification of H-passivated Qill) in air using scanning AFM. Oxide patterning was carried out in air at a tempera-
tunneling microscopySTM). Similar work on Si and oxide ture of ~25°C with a relative humidityRH) of ~60%.
strips 10—50 nm wide was performé&d In addition to STM, ~ Square oxide patterns were formed at negative bias voltages
atomic force microscopyAFM), associated with bias volt- relative to the sample with fixed tunneling currépt 2.0 nA
ages, was also used to generate oxide patterns ¢Re8s. in STM mode. Both W and PtlIr tips were employed for
9-15 as well as on metallic substrates such as(Refs.  patterning. The morphology of the oxide patterns was char-
16-18 and All® Established processing techniques wereacterized by the SPM in AFM mode and by a field emission
used to fabricate nanoscale electronic devices, e.g., singkeanning electron microscog&E-SEM (Hitachi S-4000
electron transistors(SET9,'® ultrafast photoconductive equipped with an energy dispersive spectromés).
switches'’ lateral tunneling function® metal—oxide—
semiconductor field effect transistotMOSFETS,% side-
gated FETS} etc. lll. RESULTS AND DISCUSSION

In this article we report the formation of oxide patterns onA Effect of bias voltages
H-passivated Si using a STM under various bias voltage con--
ditions. The effects of the composition of the tip material and Figures 1a) and Xb) show the AFM and SEM images of
the sharpness of the features of oxide patterns were also ex-umXx1 xm oxide patterns formed at bias voltages ranging
plored. We demonstrate that the composition of the tip mafrom —0.4 to—2.0 V, respectively, using a W tip. The emer-
terial plays an important role in determining the optimumgence of small perturbations at the edges of the patterns
bias voltages to generate clean and uniform oxide patterns dormed at low and high bias is observed. In order to identify
Si. As to the tip head sharpness, it affects the linewidth andhese perturbations, we generated arBx 3 um oxide pat-
the height of oxide patterns. A sharp tip is required to gentern on Si at—2.5 V usirg a W tip. Figure 23) is the SEM

erate oxide lines with finite linewidth and height. image of such a pattern and corresponding W-element map-
ping using EDS is shown in Fig.(8). The exaggerated W
*No proof corrections received from author prior to publication. signal shown in Fig. @) reveals the existence of W agglom-
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Fic. 1. (8 AFM and (b) SEM images of 1umX1 um oxide patterns

formed at bias voltages ranging from0.4 to —2.0 V using a W tip. Fic. 2. (2) SEM image andb) W-element mapping of a gmx 3 um oxide

pattern on Si at-2.5 V using a W tip.

erates on the two vertical sides of the pattern. Since horizon-
tal back-and-forth motion of the tip generates the oxide patbrought close to the Si surface to achieve constant tunneling
tern, it implies that W tends to accumulate at the positionsurrent. This raised the possibility of tip scratching of the
where the tip reverses its scanning direction. We also exansample surface and pattern contamination occurring.
ined the tip by SEM before and after the STM patterning and We also recorded the apparent dépththe square oxide
the tip configurations are shown in FigdaBand 3b). The  patterns shown in Fig. 1 during STM imaging. The apparent
obtuseness of the tip implies that it has become duller duringlepths of the patterns generated using W and Ptlr tips as a
patterning and validates the W perturbations depicted in Figiunction of bias voltage are shown schematically in Figs.
2. Since W contamination frequently occurrs in high bias5(a) and 5b), respectively. In Fig. 5, the U-shape curves
voltage patterning, the field-induced mass transfer from théndicate the lowest apparent depth at a particular bias volt-
tip to Si is a possible cause of tip wearing. The W depositiorage. At fixed tunneling current of 2 nA, the pattern generated
at the edges of the oxide patterns was also attributed to thiey the W tip with voltage of-1.0 V has the lowest apparent
reverse motion of tip scanning. It might cause a suddemepth, while for the pattern generated with the Ptlir tip the
change in the highly concentrated electric field at the tiplowest apparent depth occurs-a.0 V.
head and disrupt the constant tunneling current condition. The experimental results presented above reveal that at
The resulting tip height instability, hence, caused the tip tahe bias condition generating the pattern with the lowest ap-
crash and left W debris on sample surface. parent depth, the contamination resulted from tip mass trans-
Although not as extensive as in the cases of high biager and scratching on the sample surface could be minimized.
voltage patterning, debris of tip material was also observe®ne may adopt such a bias voltage to form a clean and
in the patterns generated by low bias voltages. An exampleniform oxide pattern on Si. This finding also enables us to
of this is given in Fig. 4 which depicts EDS maps of Pt andidentify the optimum bias voltage for STM patterning.
Ir elements of an oxide pattern generated-8t1 V using the We carried out—1.0 V bias voltage patterning with an-
Ptir tip. When the bias voltage was low, the tip had to beother W tip and this bias condition generated oxide patterns
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®
Fic. 3. Configuration of a W tiga) before and(b) after patterning at bias  FiG. 4. EDS maps ofa) Pt and(b) Ir elements of an oxide pattern generated
voltage of —2.5 V. at —0.1 V using a Ptlr tip.

with the desired morphology. After patterning the tip was as shown in Figs. &) and &b), the oxide lines are narrower
immediately transferred to a SEM to examine its change ifp width when sharp tips are used. The average height of the
morphology and no tip wear and tear was observed. By repattern is also higher for those formed by a sharp tip. There-
peating the STM patterning shown in Fig. 1 several timesfore, the effect of the tip head geometry should not be ig-
we concluded that the optimum bias voltages for W tips tongred when extremely fine oxide line patterns of satisfactory
generate oxide patterns with satisfactory features rangeﬁlua”ty are desired.
from —0.8 to —1.2 V at a fixed tunneling current of 2.0 nA. After writing, the SPM was immediately switched to
In addition to W tips, Ptir tips were also used for STM pat- AFM mode to examine the patterns. The heights of the oxide
terning. It was found that the optimum bias voltages for Ptlrp‘-ﬂttemS formed by these W and Ptlr tips were also measured.
tips to generate clean and uniform oxide patterns rangegtom the results shown in Fig. 7, it is clear that the W tips
from —1.5t0 —2.5 V at a fixed tunneling current of 2.0 nA. haye better patterning efficiency. Our SEM characterization
W and Ptir tips with various degrees of sharpness wergoyngd that the W tips were in general sharper than the Ptir
employed to perform STM patterning. By inspecting thetips since the electric field strength was intensified by a
morphology of the oxide patterns and all the W and PtIr tipsjecrease in the tip head radius, the W tips hence exhibited a
before and after patterning, we found that the sharpness @fetter ability for oxide patterning. The result above is further
the tip head has only a minor effect on the optimum biassupported by the theory of STM operation. The one-
voltage range. dimensional model of quantum tunneling predicts that the
tunneling current between two electrodes is related to the

B. Effect of tip sharpness local work function¢ by the expressioi

Our experiment revealed that the tip sharpness affected Lo exd — /2m¢d
the width and height of the pattern when oxide lines formed. re )

JVST B - Microelectronics and Nanometer Structures



642 Tseng et al.: Search of optimum bias voltage for oxide patterning 642

104
3 3
5
E —
§ 5- E, 2+
E = % Ptir tip
(] o 5 °
s . T 1] >
< 5]
0 po
0 -1 -2 a
@ Bias 0 T T )
™ 0 -1 -2 -3
2- Bias (V)

Fic. 7. Height of an oxide pattern generated by W and Ptlr tips as a function
of applied bias voltage.

Although the actual work function of the PtlIr alloy is not
known, our available data show that the work functions for
W, Pt and Ir are 4.5, 5.29 and 4.57 &¥tespectively. With
0 ) 4 a work function value lower than that of Pt and Ir, the W tip
®) Bias (V) may emit a higher tunneling current and hence provide better
patterning efficiency.

Fic. 5. Apparent depths of the patterns generate¢abyV and(b) Ptlr tips
as a function of bias voltage.

5800

600

nm nm

1.00
1.00

PN A,
O PTIAT AT CRT N na Y N AT e TN N AN

o 200 400 600 o 200 400 600

(a) nm (b) nm

Fic. 6. Oxide lines and average height of a pattern generatéd) laysharp tip andb) a blunt tip. The pattern height was measured by AFM immediately after
writing.
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