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Abstract

This paper establishes the feasibility of soft lithography for fabrication of submicron-scale electronic devices. Near-field conformal
phase shift lithography — a representative soft lithographic technique — was used on a broadband exposure tool to fabricate the gate
fingers of a high electron mobility transistor (HEMT). The gates of this proof-of-concept device had lengths of 250 nm and widths of 40
wm. The device had a transconductance of 4 mS and a current—voltage response similar to that of a conventional HEMT. © 2000 Elsevier

Science B.V. All rights reserved.
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A number of unconventional lithographic techniques are
being developed in an effort to deliver low-cost means to
transfer patterns in the regime, where conventional pho-
tolithography is either too expensive or difficult to realize,
or inapplicable because of surface topography [1-6]. Soft
lithography provides a set of low-cost techniques for trans-
ferring patterns onto planar and nonplanar substrates with
submicron- to nanometer-scale features over large areas
(1-100 cm?) [2,7]. In recent studies, representative soft
lithographic techniques, including micromolding in capil-
laries (MIMIC) [8-10], microtransfer molding (wWTM) [11],
and microcontact printing (wCP) [12], have been used for
fabrication of electronic components and simple circuits
with critical dimensions in the range of 20 pm to 50 pm.
These studies have demonstrated the compatibility of soft
lithography at this large scale with the processing methods
used in conventional device fabrication. The application of
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soft lithography to submicron-scale electronic device fabri-
cation remained to be established. The purpose of this
paper is to demonstrate the application of soft lithography
in submicron-scale microelectronic device fabrication
through fabrication of a proof-of-concept device incorpo-
rating small features — a high electron mobility transistor
(HEMT) with gates having lengths of 250 nm— by near-
field conformal phase shift lithography using elastomeric
stamps.

In this paper, we describe the fabrication of aHEMT on
GaAs/AlGaAs heterostructure with submicron-scale gates
using a combination of soft lithography and photolithogra-
phy techniques. The HEMT had an overal dimension of
250 pm X 250 pm. The smallest feature in this HEMT
was a pair of gate fingers with lengths of 250 nm and
widths of 40 pm. The fabrication of this device involved
four levels of pattern transfer. The gate fingers were
fabricated by incorporating conformal phase shift lithogra-
phy with an elastomeric phase mask and photolithography
with an amplitude mask. Other noncritical layers in this
HEMT, including the mesa, source and drain contacts, and
gate contact, were fabricated by photolithography. Room
temperature performance of the HEMT displayed the high
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transconductance expected for HEMTs with submicron-
scale gates.

Fig. 1 illustrates the schematic HEMT structure. The
HEMT was made on a molecular beam epitaxialy
(MBE)-grown GaAs/AlGaAs heterostructure. Fig. 1(a) is
a cross-sectional view of the GaAs/AlGaAs heterostruc-
ture, composed of GaAs, Al,,Ga,sAs, and a Si §-doped
layer with a density of 4 x 10? cm~2. The two-dimen-
sional electron gas (2DEG) was located approximately 430
A below the surface. The measured 2DEG density and
mobility at room temperature were 1.6 X 102 cm~2 and
4x10° cm?/V s.

Fig. 1(b) illustrates the HEMT layout. The device was
fabricated in four steps, with the critica gate fingers
patterned using a combination of soft lithography and
photolithography and noncritical layers patterned using
photolithography. The mesa defined the active region where
electrons flowed. It was fabricated in the first step. Pho-
tolithography was used to define the mesa pattern: the
mesa area was protected by 1 um of photoresist and the
remaining areas were not. The mesa was formed by a wet
etch in 10:1 solution of 50% citric acid and 30% hydrogen
peroxide. Approximately 500 A of GaAs/AlGaAs was
etched away in the areas that were not protected by
photoresist to remove the 2DEG in these areas. The source
and drain were Au/Ni/Ge Ohmic contacts. They were
fabricated in the second step by photolithography pattern-
ing, metal deposition and lift-off. Ohmic contacts were
formed by thermal annealing after lift-off. The Cr /Au gate
was fabricated in two steps. The pair of gate fingers was
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Fig. 1. (@ Schematic cross-sectional view of the HEMT to show the
growth profile of the GaAs/AlGaAs heterostructure material. (b)
Schematic diagram of the HEMT.
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Fig. 2. Schematic illustration of the procedure for fabrication of the two
gate fingers using near-field conformal phase shift lithography. (a) Ex-
pose the IR photoresist on GaAs/AlGaAs substrate through an elas-
tomeric phase mask with a recessed rectangle pattern. After exposure, the
stamp was removed and a latent image of an unexposed open rectangle
was formed in the IR resist. (b) Expose the sample through an amplitude
mask as shown to expose the left and right lines of the open rectangle and
leave the top and bottom lines unexposed. (c) Post-exposure bake fol-
lowed by flood exposure to reverse the latent image in the IR resist. (d)
Develop the sample to form two parallel spaces for gate fingers.

fabricated using conformal phase shift lithography, using a
fabrication procedure described in the following paragraph.
The gate contact was then fabricated using photolithogra-
phy patterning followed by metal deposition and lift-off.
Fig. 2 describes the procedure for fabrication of the two
parallel gate fingers using near-field conformal phase shift
lithography. Phase shift lithography is an optical technique
that produces subwavelength features using destructive
interference to overcome the feature size limit imposed by
optical diffraction [13,14]. Near-field conformal phase shift
lithography is based on the same principles of physics. It
uses an elastomeric stamp with surface relief structures as
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Fig. 3. (@ Photograph of a representative HEMT fabricated using confor-
mal phase shift lithography. (b) Magnified view of the HEMT showing
the centra active region. (c) SEM micrograph of a section of a gate
finger.

a phase mask to produce submicron lines or spaces along
the edges of the relief structures [15,16]. The elastomeric
stamp used here had a recessed rectangle relief pattern of
dimension 42x 135 pm (Fig. 2(@). It was made by
casting polydimethylsiloxane (PDMS, Sylgard 184, Dow-
Corning, A:B=1:10) on a master generated by pho-
tolithography [17]. The depth of the surface relief of the
elastomeric stamp was 0.45 wm and the thickness of the
stamp was ~ 2 pm. The depth of relief was chosen so as
to generate destructive interference when exposed to a
broadband UV light source with intensity peaks at 365 nm
and 405 nm. We used an optical aligner (Karl Suss Model
MJB3) for UV exposure and alignment. Its intensity was
10 mW /cm? at 405 nm. In the patterning step, we first
spin coated the sample with 0.42 u.m image reversa (IR)
photoresist (AZ 5206-E, Hoeschst Celanese), followed by
a soft bake at 90°C for 4 min. We then aigned the
elastomeric stamp with the source and drain patterns on
the sample using a scheme described previously [8]. The
raised regions on the stamp made conformal, atomic-level
contact with the substrate. The sample was exposed to UV
light through the elastomeric stamp for 5.25 s. This proce-
dure exposed areas other than the edges of the rectangle
due to destructive interference, and therefore left a latent
image of an unexposed open rectangle in the IR resist. To
produce two isolated lines, the wafer, after exposure
through the phase mask, was then exposed to the UV light
through a second amplitude mask as shown in Fig. 2(b).
This second exposure exposed the left and right portion of
the rectangle, leaving the center part of the top and the
bottom lines unexposed. In Fig. 2(c), 90-s post exposure
bake at 115°C, followed by 2-min flood exposure, reversed
the latent image in the IR resist. After developing (AZ

422MIF, Hoechst Celenese) for 90 s, two parallel spaces
with widths 250 nm were formed on the sample, as shown
in Fig. 2(d). The uniformity of the space from sample to
sample and over a sample of 5 mm X 5 mm iswithin +15
nm, measured using an SEM. A Cr/Au deposition and
lift-off in acetone followed immediately to form the two
gate fingers. Both the width and uniformity of the space
were affected by severa lithography parameters, including
resist thickness, first exposure time, post exposure bake
time, flood exposure time, and develop time. Optimum
width and uniformity of the space were achieved with the
above process parameters.

Fig. 3 shows a representative HEMT fabricated using
conformal phase shift lithography. Fig. 3(a) shows a whole
device and Fig. 3(b) is a magnified view of the HEMT
showing the central structure. The surface roughness of the
source and drain was a result of aloying during thermal
annealing. The HEMT had an overall dimension of 250
pm X 250 pm. The mesa was 50 pwm wide. The source-
to-drain spacing was 10 wm. Fig. 3(c) is an SEM micro-
graph showing a section of a gate finger. Each finger had a
gate length of 250 nm and gate width of 40 pm, leading to
a total gate width of 80 p.m for the HEMT.

Fig. 4 shows the drain-source current g vs. drain-
source voltage Vpg of the HEMT for a series of gate
voltages. It was measured at room temperature in complete
darkness. This proof-of-concept device displayed 1,5 —
Vpg Characteristics typical for this type of HEMTs with
submicron-scale gates [18]. The transconductance at 1,5 =
2 mA was g, =4 mS. The pinch-off voltage was V, =
1.75V. The breakdown voltage was BVpg, = 10 V. Higher
transconductance can be achieved by reducing the source-
to-drain spacing to 2—4 um, and by making the gate
fingers closer to the source to reduce the series resistance.
Both require better overlay accuracy.

There is much room for improving the performance of
the HEMT, such as optimizing the lithography parameters
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Fig. 4. Room temperature performance of a representative HEMT fabri-
cated using conformal phase shift lithography. The HEMT had a gate
length of 250 nm and a total gate width of 80 pwm.
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discussed earlier to reduce the gate length and improve the
uniformity, and utilizing a better HEMT design to achieve
higher transconductance. However, we leave this subject to
future exploration. It is out of the scope of this paper. The
purpose of this paper is to demonstrate the feasibility of
soft lithography for fabrication of submicron-scale elec-
tronic devices. Even though the performance of thisHEMT
was not the best, it served the purpose of illustrating how
conformal phase shift lithography was used for fabrication
of submicron-scale gates of a functional HEMT.

Fabrication of HEMTs with submicron-scale gates
demonstrates that incorporation of near-field conformal
phase shift lithography — a representative soft litho-
graphic technique — with photolithography provides a
simple, low-cost approach to fabricate microelectronic de-
vices with critical dimensions in the submicron regime. A
master can be used to make multiple elastomeric phase
masks and each elastomeric mask can be used repetitively.
Conformal phase shift lithography using elastomeric phase
masks will have advantages and disadvantages relative to
conventional phase shift lithographies. Because the contact
of the elastomeric stamp with the photoresist is soft, the
stamp does not damage the resist surface. The conformal
contact also insures good destructive interference at the
stamp-resist interface, leading to the formation of uniform,
narrow lines or spaces. Studies have also shown that lines
of 50—250 nm can be achieved using this conformal phase
shift lithography [15,16]. In order to fully utilize conformal
phase shift lithography for device fabrication, however,
distortion and overlay accuracy of the elastomeric masks
need to be comparable to that of photolithography. Rogers
et al. [19] studied the elastic distortion and overlay of the
elastomeric stamps and found that it was possible to
control distortion to within 500 nm over a ~ 1 cm? area
and that errors in overlay accuracy should be the same as
for photolithography. Conformal phase shift lithography
extends the feasibility of soft lithography for device fabri-
cation down to submicron-scale. As a set of simple, low-
cost, versatile pattern transfer techniques suitable for a
wide range of feature sizes, soft lithography should have
potential applications in simple semiconductor circuits, flat
panel display systems, and organic devices.
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