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Nanometer-scale gratings have been fabricated in InP and InGaAs/InP heterostructures using
electron-beam lithography and reactive-ion etching in methane-hydrogen plasmas. It is shown
that the slight overcut obtained in the etch profiles during a single-step etch in CH, /H, is due to
polymer formation on inert mask surfaces and edges. Intermittent removal of the deposited
polymer film is shown to be effective in obtaining anisotropic profiles. Highly anisotropic 35-nm-
wide InP lines at 70-nm pitch demonstrate the potential of this fabrication process. The formation
of 100-nm-wide free-standing [n¥ wires is also presented.

L INTRODUCTION

Remarkable progress has been made over the last few years
in the fabrication of artificiai structures with dimensions
comparable to the electron wavelength in which the wave-
like properties of electrons become prominent. This has es-
sentially resulted in the emerging field of nanostructure
physics and fabrication.! The guenching of Hall effect’ and
the Aharonov—Bohm effect® are some novel phenomena
that have been observed in semiconductor nanostructures.
High-speed devices such as the quantum modulated transis-
tor* and the electron wave diffraction transistor’ that are
based on these novel effects have been proposed. By far, the
activities on nanostructures have concentrated mainly on
GaAs (Refs, 1-3) and Si (Ref. 6) materials with minimal
activities reported on InP and related compounds.”® This
situation is because, of all these materials, the processing of
indium-based materials is the least developed. In particular,
the pattern transfer aspects of nanostructure fabrication in
InP need further development. Inamura ez @/.” have made
initial progress in this direction by using electron-beam lith-
ography (EBL ) and selective wet chemical etching to realize
fairly anisotropic fine line gratings with 70-nm period. A
severe Hmitation in using wet etching is that lines must be
criented along certain crystallographic directions to obtain
anisotropy. For a more flexible process, dry etching must be
utilized for patiern transfer.

Currently, reactive-ion etching (RIE) is the most widely
used dry etching technique. Reactive-ion etching of InP in
chlorinated plasmas is limited by the problems associated
with the low volatility of InCl,."® Recent reports’™"? have
shown that these problems can be overcome by etching InP
and related compounds in plasmas containing mixtures of
methane (CH, ) and hydrogen. This gas mixture etches InP
by removing In as a volatile organometallic compound and P
as phosphine.""'* Gratings with periods down to 200 nm in
InP, InGaAsP, and InGaAs have been fabricated using
CH, /H, plasmas with good anisotropy and good surface
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morphology.'*'* Although 30-nm-wide isolated lines have

been fabricated in GaAs,'¢ the potential of CH, /H, plas-
mas for transferring nanometer-scale lines and grating struc-
tures into InP and related compounds has not been investi-
gated.

In this paper, we present our results on nanostructure fab-
rication in InP and related compounds using high-resolution
electron-beam lithography and reactive-ion etching in
CH,/H, plasmas. Highly anisotropic grating structures
with periods down to 70 nm are demonstrated. The process-
ing sequence required to achieve this type of structure will be
described. In addition, our initial progress in fabricating
free-standing nanometer-scale wires of InP suitable for
transport studies will be presented.

H, EXPERIMENTAL PROCEDURES

The samples used in this work were nominally undoped
InP and InGaAs/InP heterostructures epitaxially grown on
semi-insulating InP using organometallic vapor-phase epi-
taxy (OMVPE). Nanometer-scale pattern definition on
these samples was accomplished using high-resolution elec-
tron-beam lithography and a bilayer resist process. The lith-
ography was performed on a Cambridge S360 scanning elec-
tron microscope (SEM) with typical beam characteristics of
40 kV accelerating voltage, 10 pA beam current, and < 10
nm beam diameter. The beam blanking and X- ¥ scan signals
were compuier controlled using a personal computer and a
custom-built vector-scan pattern generator. The 14-bit digi-
tal to analog converters used provided a pixel size of 3.4
nm X 2.5 nm across the typical exposure field of 55 um <X 43
pm area. The polymethyl methacrylate (PMMA) bilayer
resist consisted of 46-nm, 950-K. PMMA on 51-nm, 200-K
PMMA. The positive attributes of this type of resist system
for liftoff processing have been discussed extensively else-
where.!” Following exposure, development was carried out
in a 1.7 methyl isobuty! ketone (MIBK ):isopropyl alcohol
(IPA) solution for 20 s at 22 °C. After development, 10 nm
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NiCr was thermally evaporated and lifted off to serve as
mask for subsequent etching steps.

Pattern transfer was accomplished by RIE in a commer-
cial planar diode system manufactured by Plasma Technolo-
gy and operated at 13.56 MHz. This system has previously
beent used to investigate the etching characteristics of InP,
InGaAsP, InGaAs, and InAlAs.' 1% A typical set of operat-
ing conditions adopted for the present work consisted of 100
W power, 15 mT pressure, and 40 scem gas flow rate with a
plasma self-bias voltage of 500 V. These etching conditions
have been shown to produce good anisotropy, good surface
morphology, and negligible RIE-induced damage in
InE. 121515 The etch rate of InP using the foregeing plasma
conditions was 60 nm/min for large-arca geomeiries. The
polymer deposited during etching'™'® was removed using
an oxygen plasma. The patterned samples were examined in
the S360 SEM both after NiCr Liftofl and after etching.

{il. RESULTS ANMD DISCUSSION
A. Grating structures

The results obtained for electron-beam lithography are
displayed in Fig. 1. Explicitly, the figure shows the
linewidths of NiCr wires on InP as a function of line dose and
grating period. It is seen that linewidths down to 35 nm and

Fi16. 2. Scanning electron micrograph of InP grating structure with 70-nm
period and 300 nm deep ctched in CH, /H, plasma in one step. Note the
shight overcut in the etch profile.
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FiG. 3. Schematic iltustration of conditions leading to overcut and aniso-
tropic profiles in CH, /H, etching of InP. (a) Substrate with mask, (b)
Substrate etched in CH, /H, plasma with polymer film deposition on the
top and edges of mask which continuously shields the etched sidewall from
reactants. ‘This results in overcut protile. (¢) Substrate etched using multi-
ple steps of CH, /H, etch / O, plasma clean to eliminate polymer film at
intervals to obtain anisotropic profile.

grating period of 70 nm have been achieved. The results
shown here are for gratings that could be lifted off reproduci-
bly. Actually, we have obtained metal gratings with 60-nm
period, however, the liftoff processing at these dimensions
was not consistent. Further, the writing strategy of a single-
pixel multiple-pass exposure is not conducive to obtainiug
the mimimum possible linewidths but does result in uniform
lines with high edge acuity. The dimensions obtained here
are satisfactory for studying the etch profiles of nanometer-
scale lines in InP. The etching has been performed with the
plasma conditions described in Sec. I

Fi1G. 4. Highly anisotropic InP gratings with 70-nm peried and 300 nm deep
ctched in multiple CH, /H, ctch / O, plasma clean cycles.
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Figure 2 is a scanning electron micrograph of a 70-nm-
period and 300-nm-deep grating structure in InP that has
been continuously etched for 9 min. The bright top in the
micrograph is the NiCr mask. Close examination of the etch
profile shows a shight overcut (outward slant from the mask
edge) from the top to bottom similar to what is obtained for
ion-beam etching. However, the overcut profile is not pro-
duced by ion activity but by shadowing effects due to poly-
mer formation of the NiCr mask. It is well known that the
formation of thin films of polymer on surfaces is a byproduct
of RIE in methane-based plasmas.''’® The hydrogen, or-
ganic radicals, and ions produced in CH, /H, plasmas inter-
act on III-V surfaces to etch those materials, and interact on
inert surfaces (e.g., NiCr, 8i(3, ) to form a polymer film."?
Surface analysis technigues have shown that relatively thick
polymers form on inert mask surfaces, whereas polymer de-
position on active surfaces such as InP is insignificant even
under conditions designed to enhance polymer formation.'’

Therefore, as illusirated in Fig. 3(b), polymer film depo-
sition occurs on top and at the edge of the NiCr mask. The
lateral increase of the polymer film with increasing etch time
acts to continuously shadow the etch region thereby result-
ing in an overcut profile. Anisotropic profiles can be ob-
tained as shown in Fig. 3{c) if the polymer film is eliminat-
ed. This can be achieved by multiple sequential steps of
CH,/H, etch and O, plasma clean in the same etching run.
The oxygen plasma eliminates the polymer film following a
short etch run. This process has been carried out resulting in
highly anisotropic profiles. This is evident on the 70-nm-
peried, 300-nm-deep gratings in InP shown in Fig. 4. The
profile was achieved by etching in threc steps of 3-min
CH,/H, etchand 3-min O, plasma clean. Itis observed that
this structure was effectively etched for 9 min just like the
continuously etched sample of Fig. 2. The etch depths of
both gratings in Figs. 2 and 4 are identical at 300 um which
indicates that the etch rates for the continuous and multiple-

{a}

£
{c}

{b}

{d}

Fia. 5. (a) Grating structure (500-nm period and 100-nm linewidth) etched into an InP/InGaAs heterostructure. (b) Closcup of (a) showing the smooth
sidewall and surface. The thin bright layer on top is $i0, mask which is removed at this stage. (b) 10-um-long InP wires obtained after etching of structure in

(b} in H, SO, -baszd selective etch solution to remove the underlying InGaAs layer. Note distortions due to the weight of the wires. {d} Same as {¢) but InP

wires are 5 gm long.
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etch-step processes are the same at 33 nm/min. The reduced
movement of etching species and products through the nar-
row etched regions is responsible for the reduced etch rate. It
is noted that the multiple-etch technique increases the pro-
cess time, however, it has the potential of producing highly
anisotropic, high aspect ratio structures. This technique also
indicates that anisotropy in CH,/H, plasmas is not ob-
tained by polymer passivation of the etch sidewalls since the
oxygen cleaning step removes whatever “insignificant”
polymer film is on the InP sidewalls. Therefore, anisotropy is
imparted by ion bombardment.'?

B. Self-supporting InP wires

Self-supporting structures of nanometer-scale dimensions
in various materials (AuPd, Si; N,, GaAs) have been fabri-
cated and used for electron and phonon transport studies.
Such structures have not been reported for InP. In this sec-
tion, we report our initial attempt at fabricating free-stand-
ing InP wires using EBL, RIE and selective wet chemical
etching. The undoped heterostructure used consisted of 250-
nm InP grown by OMVPE on top of semi-insulating InP,
followed by a I-um InGaAs layer and a 50-nm InP layer.
The 500-nm-period grating structure with 100-nm
linewidths defined and etched into the heterostructure using
CH,/H, RIE is shown in Figs. 5(a) and 5(b). Here 8iO,
was used as an etch mask for its ease of removal in HF solu-
tion, NiCr could not be used since it etches in HCl which also
attacks InP. The etch depth of 150 nm means that the struc-
ture has been eiched through the top InP into the InGaAs
iayer below. The sample was etched using the multiple etch/
clean method described above. It is seen that the etched
sidewall in Fig. 5(b) is smooth and that no change in anisot-
ropy is evident in the transition from InP to InGaAs.

Many material-selective wet chemical etch solutions have
been developed for indium-based compound semiconduc-
tors.”! The mixture of H, SO, :H, 0, :H, Gataratioof 1:1:10
etches InGaAs at 31 nm/s at 40 °C but does not etch InP.
The dry-etched structure in Fig. 5(b) was subsequently
etched in the H, 8O, :H, O, :H, O solution for 10 s and rinsed
in H, O. With the removal of ~ 300 nm of material from the
underlying InGaAs, free-standing InP wires were obtained.
Two sets of 50-nm thick InP wires spanning 10 and § gm in
length are shown in Figs. 5(c) and 5(d), respectively. The
10-um-long wires have a length to width ratio of 100 which is
perhaps too large causing the wires to sag and distort under
their own weight. Further refinement of this process is being
carried out in order to fabricate both InP and InGaAs wires
to be used for electrical measurements.

IV. SUMMARY

Nanometer-scale lines and gratings in InP and InP/In-
GaAs heterostructures have been fabricated using high-res-
olution electron-beam lithography and reactive-ion etching

J. Vac. Sci. Technol. B, Vol. 8, No. 6, Nov/Dec 1990

in CH,/H, plasma. [t was shown that the slight overcut in
InP etch profiles is due to polymer formation on the inert
mask surface. By using multiple sequential steps of etching
in CH, /H, followed by cleaning in O, plasma, highly aniso-
tropic structures were obtained. It can be concluded from
this process that anisotropy in CH,/H, RIE is due to the
effects of ion bombardment. Highly anisotropic gratings
with minimum linewidths of 35 nm at 70-nm period were
demonstrated. Finally, free-standing, 50-nm-thick, 100-nm-
wide, and 5-um-long InP wires were fabricated and present-
ed.

ACKNOWLEDGMENTS

The authors would like to acknowledge the technical as-
sistance of A. Pawlowski and W. Guggina. This work was
supported by National Science Foundation (NSF) Grant
No. ECD 89-43166, Joint Services Electronics Program
Grant No. N00014-90-J-1270, and NSF No. Grant DMR
89-20538.

*) Present address: Intel Corporation, Hillsboro, Oregon 97124,

' See M. Reed and W. P. Kirk, Eds., Nanostructure Physics and Fabrication
(Academic, New York, 1989).

2 M. Roukes, A. Scherer, S. Ailen, Jr., H. Craighead, R. Ruthen, E: Beebe,
and J. Harbison, Phys. Rev. Lett. 55, 2344 (1985).

38. Datta, M. Melloch, S. Bandyopadhay, R. Noren, M. Vaziri, M. Miller,
and R. Reifenberger, Phys. Rev. Lett. 55, 2344 (1985).

*F. Sols, M. Macucci, U. Ravaioli, and K. Hess, Appl. Phys. Lett. 54, 350
(1989).

SK. Furuya, K. Kurishina, and T. Yamamoto, Trans. IEICE Jpn. E 71,
286 (1988).

SW. Skocpol, P. Mankiewich, R, Howard, L. Jackel, and D. Tennant,
Phys. Rev. Lett. 56, 2865 (1986).

"H. Temkin, G. Dolan, M. B. Panish, and S. N. G. Chu, Appl. Phys. Lett.
50,413 (1987).

8B. Maile, A. Forchel, R. Germann, and D. Grutzmacher, Appl. Phys.
Lett. 54, 1552 (1989).

?E. Inamura, S. Tamura, Y. Miyamoto, K. Furuya, and Y. Suematsu,
Electron, Lett. 28, 238 (1989).

198, C. McNevin, J. Vac. Sci. Technol. B 4, 1216 (1986).

" U. Niggebrugge, M. Klug, and G. Garus, Inst. Phys. Conf. Ser. 79, 367
(1585).

27, Hayes, M. Dreisbach, P. Thomas, W. Dautremont-Smith, and L.
Heimbrook, J. Vac. Sci. Technol. B 7, 1130 (1989).

13E. Andideh, I. Adesida, T. Brock, C. Caneau, and V. Keramidas, . Vac.
Sci. Technol. B 7, 1841 (1989).

“H. Schmid, Proceedings of the 6th International Conference on Ion and
Plasma Assisted Technologies, Brighton, England, 1987 (unpublished},
p. 98.

1. Adesida, E. Andideh, A. Ketterson, T. Brock, and O. Aina, Inst. Phys.
Conf. Ser. 96, 425 (1989).

'R, Cheung, S. Thomas, S. Beaumont, G. Doughty, V. Law, and C. D. W.
Wilkinson, Electron. Lett. 33, 857 (1987).

V7S, Mackie and S. P. Beaumont, Solid State Technol. 28, 8, 117 (1985).

1., Henry, C. Vaudry, A. Le Corre, D. Lecrosnier, P. Alnot, and J. Otivier,
Electron. Lett. 28, 1257 (1989).

®E. Andideh, Ph. D. thesis, University of Hiinois, 1990.

¥ See D. Hasko, C. Smith, J. Lucek, J. Cleaver, and H. Ahmed, Microelec-
tron. Eng. 9, 337 (1989), and references therein.

MY, Temkin, L. Harriot, and M. Panish, Appl. Phys. Lett. 52, 1479
(1988).




