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The authors report the fabrication of lateral metallic structures with multiple materials using

specifically designed resist masks and multiangle shadow evaporation. The whole fabrication

process is carried out without breaking vacuum, which avoids contamination and allows for highly

controlled interface properties between metals deposited sequentially. The authors incorporate the

thickness of the mask as a design parameter, which allows one to introduce controlled variations

between multiple contacts in the same device. Using a suspended mask, it is demonstrated the

fabrication of asymmetric single electron transistors with tunnel junctions with different

resistances. Using a nonsuspended mask, it is illustrated the fabrication of an extended structure

(a thermopile), which consists of tenths of ferromagnetic wires with a nominal width of 30 nm

connected electrically in series using a nonmagnetic metal. VC 2012 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4722982]

I. INTRODUCTION

The development of novel (metallic) devices in recent

years has been closely related to new methods and techni-

ques to fabricate them. In situ fabrication methods are gath-

ering increasing attention due to the use of multiple metals

in the same device and the stringent need to control the inter-

faces between them. For example, submicron metal/AlOx/

metal tunnel junctions have multiple applications1–5 but the

fabrication of reproducible junctions and a detailed study of

their stability can only be carried out in a controlled way by

minimizing contamination. This can be achieved using

in situ bilayer double angle evaporation methods.1,6,7 There,

a suspended mask is defined to fabricate the device by

sequentially evaporating the materials involved from differ-

ent angles without breaking vacuum in the whole process

(Fig. 1). In this way, one can create very clean interfaces or

well-controlled tunnel junctions. Because of such capabil-

ities, methods involving suspended masks have become very

popular for superconducting qubits,2 spintronics,4,5 and in

single charge electronics.1 In spintronics, multiterminal lat-

eral devices have been used to determine spin relaxation

lengths,4–11 to study the spin Hall effect,12,13 or to demon-

strate spin ratchet14 and magnon drag15 effects.

Standard in situ methods using a resist bilayer and a

double-angle evaporation technique have enabled6,7 signifi-

cant progress in sample fabrication and are an established

technique in mesoscopic physics. However, they are re-

stricted to only two materials and to interfaces with nomi-

nally the same properties, even in a device with multiple

contacts. A suspended mask also restricts the separation

between the device features, limits the achieved resolution,

and it is not suitable for extended complex structures. In

this article, we describe in detail the implementation of

multiangle evaporation methods that incorporate the height of

the top resist as a variable for mask design. This is a novel

strategy that allows us to overcome the aforementioned limi-

tations of the standard shadow evaporation technique. The

top resist can be used to selectively eliminate specific features

to be projected on the substrate at specific evaporation angles.

By allowing evaporation from any direction, as opposed to

only two directions,1,6,7 extended complex structures with

more than two materials can easily be implemented. Follow-

ing this description, we describe in detail two examples for

the enhanced shadow evaporation method. First, we demon-

strate a three-angle evaporation technique to create single

electron transistors for which the two tunnel junctions can be

controlled independently. Second, we describe the fabrication

of a thermopile with ferromagnetic components comprising

more than 40 wires with a nominal width of 30 nm connected

electrically in series. The fabrication of these devices requires

a careful design of the mask features, the feature distribution,

and the mask thickness. After fabrication, we present the

transport characteristics of the final devices, which show a

high level of control of the interfaces.14,15

II. DEVICE FABRICATION

The main mask elements to create a contact between two

materials are represented in Figs. 1 and 2. In Fig. 1(a), we

show the standard two-angle evaporation scheme. Here the

features of the basic mask involve two regions separated by a

small suspended bridge. Sequential metal evaporation between

two properly chosen angles results in a contact between the

shadows of the two features in their overlapping region, as

marked in Fig. 1(b). Normally, the sample is rotated about an

axis within the sample plane and thus the evaporation direc-

tions form a plane perpendicular to the mask.
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This technique has been used in the fabrication of single

electron transistors and superconducting qubits.1 It has, how-

ever, important limitations. For instance, all of the contacts

are made simultaneously and therefore have the same char-

acteristics. Additionally, the multiple shadows of the mask

features restrict the complexity of the design or generate

unwanted contacts or tunnel junctions.16 However, one can

eliminate some of the unwanted contacts by controlling the

height of the top resist [Figs. 1(c) and 1(d)].

Figure 1(d) shows that material deposition straight

through the mask, i.e., perpendicular to the substrate, results

in the projection of all the mask features onto the substrate

(left). When the material is deposited at an angle h
[Fig. 1(d), right], some of the features with a small width, w,

perpendicular to the axis of rotation do not have a projection

onto the surface. For this to be possible, the rotation axis, the

angle, h, the thickness of the top resist, t, and the feature

size, w, have to be properly designed, and should fulfill the

simple inequality: t > w/tan h. Note that the axis of rotation

does not need to be exactly parallel to the length of the mask

feature. If there is a misalignment / between the axis of

rotation and the width of the feature, the relation becomes:

t > w/(cos / tan h). Such an idea was implemented in

Refs. 9 and 12 and is used in its full extent in a second

shadow evaporation method as shown in Fig. 2. In this case,

the sample rotates about an axis perpendicular to the sample

plane and the evaporation directions do not form a plane per-

pendicular to the mask.15,17–19 In the simplest case, the mate-

rial deposition is done from a constant angle from the

substrate normal. In Fig. 2, this angle is set to be 45�. How-

ever, the combination of the methods in Figs. 1(d) and 2 can

be utilized for increasing the complexity of the structures.

Below, we describe two examples that illustrate the imple-

mentation of the methods introduced above.

A. Fabrication of contacts with variable
characteristics using multiple materials

Here we describe the fabrication of asymmetric single

electron transistors. The fabrication of this device involves a

three angle evaporation method and the use of a top resist

with large thickness to prevent small features from creating

unwanted metal contacts. This device was designed to dem-

onstrate a spin ratchet concept, which achieves directed spin

transport in the presence of a signal or perturbation without a

control bias. The device is a single electron transistor (SET)

with a small superconducting island and normal metal leads,

where the tunnel junctions contacting the SET have to be

controlled independently.14

The SETs consist of a small-volume (6 nm thick� 40 nm

wide� 250 nm long) aluminum (Al) island (S) connected to

two electrodes, N(l) and N(r). Figure 3 shows the main ele-

ments for their fabrication, which involve electron-beam

lithography and multiangle shadow evaporation to produce

tunnel barriers in situ. The suspended shadow mask (Fig. 3) is

first created on a highly- doped Si(100) wafer with thermally

grown oxide. To this end, we use a methyl methacrylate

(MMA)/poly(methyl methacrylate) (PMMA) bilayer in com-

bination with selective electron- beam exposure. The base

resist (MMA) has a sensitivity that is about 5 times larger

than the top resist (PMMA), which allows us to generate a

FIG. 1. (Color online) Suspended mask. (a) Mask features seen from above.

A contact between two materials is achieved by using a mask with a small

suspended bridge. (b) Material deposition resulting from double angle evap-

oration through a conventional mask. (c) Material deposition using a thick

mask. The features (nearly) parallel to the sample rotation axis do not pro-

ject a shadow in the substrate and the evaporated material deposits on the

mask lateral walls (d) and is later removed by lift-off. FIG. 2. (Color online) Nonsuspended mask. (a) Mask features seen from

above. A contact between two materials is achieved by using a mask with a

cross shape. (b) The sample rotates about an axis perpendicular to the sam-

ple plane and the evaporation directions do not form a plane perpendicular

to the mask.
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controlled undercut by exposing the bilayer with a dose that is

sufficient to expose the MMA layer, but insufficient to expose

the PMMA layer. The exposed bilayer is developed in an iso-

propanol/methyl-isobutyl-ketone (IPA:MIBK; 3:1) solution

and placed in a high-vacuum electron-beam evaporator (base

pressure �10�8 Torr). This fabrication not only allows to con-

trol the tunnel junction properties independently but also to

deposit three different materials sequentially.

The material evaporation sequence is shown in Figs. 3(a)

and 3(b). First, we evaporate Al perpendicular to the sub-

strate (yellow), which creates the island. Next, Al is oxidized

in pure oxygen (100–150 mTorr for 40 min) to generate insu-

lating Al2O3 barriers. After the vacuum is recovered, the two

electrodes, N(l) (blue) and N(r) (red), are sequentially depos-

ited under angles of 50� relative to the substrate normal,

where the substrate is tilted in the opposite direction for N(l)

and N(r) [Fig. 3(b)]. The sequential deposition leads to dif-

ferent tunneling resistances Rl and Rr; the difference between

Rl and Rr can be enhanced by an additional oxidation step in

between each lead deposition. The three-angle metal deposi-

tion results in a threefold projection of all the mask features

with a spatial shift, except for the island, which is deposited

only once. The axis of rotation [indicated by a dashed line in

Fig. 3(a)] is selected such that the island feature at 50� tilting

projects onto the sidewall of the top PMMA resist and later

on the deposited material is removed by lift-off. In this case,

the top resist has to be thicker than the projection of the

island in a perpendicular plane [see Fig. 1(d)]. For our island

that has less than 50 nm in width, a 100 nm top layer of

PMMA suffices. A detail of a finished sample [Fig. 4(a)]

shows the lack of secondary islands and contact leads that

are very close to each other (�50 nm), which is not straight-

forward to achieve with standard masks [Fig. 1(b)].

As an example of the quality of the SET, we use differen-

tial conductance measurements dI/dV at above-gap voltages

which allow us to determine the device parameters [Fig. 4(b)],

including the junctions’ capacitances Cl and Cr, the gate ca-

pacitance Cg, and the superconducting gap, D. Measurements

were performed in a dilution refrigerator at 25 mK with a true

four-point ac/dc data acquisition technique. A dc voltage and

a small superimposed ac sine voltage (20 lV) are applied to

the SET. Both the ac current component through the SET and

the ac voltage across the normal leads are acquired using

standard lock-in techniques. From the dI/dV thresholds in

Fig. 4(c) the following parameters are obtained: D¼ 303 leV,

Cl � Cr � 235 aF, Cg � 1.4 aF, CP¼ClþCrþCg � 470 aF,

and Ec¼ e2/2 CP � 170 leV. Measurements in Ref. 14 dem-

onstrate that the desired asymmetry in the junctions was

achieved.

B. Extended structures

Here we describe the fabrication of a thermopile. The

mask for this device (Fig. 5) exemplifies the case described

in Fig. 2. The thermopile was designed for the detection of

the magnon drag effect.15 Magnon drag should be observed

FIG. 3. (Color online) Asymmetric single electron transistor. (a) Design of

the suspended MMA/PMMA mask for shadow evaporation. The dashed line

represents the rotation axis for shadow evaporation. (b) The device is fabri-

cated by three sequential depositions as indicated by the arrows. Such a pro-

cess results in a threefold projection of the mask.

FIG. 4. (Color online) (a) SEM image of a finished device. The bar is

100 nm. (b) Experimental conductance dI/dV as a function of dc voltage V
across the SET and gate voltage Vg in a logarithmic scale to highlight the

SET subgap transport at a temperature of 25 mK and at a magnetic field

B¼ 1.5 T, where the conditions for spin pumping/spin ratchet are fulfilled

(see Ref. 15). The dI/dV amplitude is represented by a color scale from black

(zero) to yellow (15 lS).
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in a ferromagnet wire under a temperature gradient due to

electron-magnon scattering. Our devices consist of a large

number of pairs of permalloy (NiFe) wires (30 nm wide,

20 nm thick, and 5 lm long) connected in a zigzag configura-

tion by short silver (Ag) wires (40 nm thick). Each NiFe wire

in a pair is identical to the other except for their geometry

that results in different coercive fields that allow us to con-

trol the relative orientation of their magnetizations. The de-

vice resembles a thermopile formed by the large number of

NiFe wires placed between a hot and a cold source and con-

nected thermally in parallel and electrically in series.

A scanning electron microscope image (SEM) of a typical

device is shown in Fig. 5(b). The main elements for the de-

vice fabrication involve two electron-beam lithography steps

and angle shadow evaporation [Fig. 5(a)]. A heater consist-

ing of a 50 nm thin film of Pt with a 5 nm Ti adhesion layer

is defined in the first lithographic step. Next, a shadow mask

is fabricated as described below and the thermopile is

formed by depositing, sequentially, the NiFe and the Ag

wires, where the latter connect the NiFe wires electrically in

series. The shadow evaporation allows for material deposi-

tion without breaking the vacuum, therefore producing clean

contacts between NiFe and Ag. The use of in situ deposition

is crucial due to the number of contacts involved. An alterna-

tive way to fabricate such devices consists of multiple elec-

tron beam lithography steps and ion cleaning between

successive metal evaporations. However, such a cleaning

process is rather low yield, which, combined with the large

number of contacts, would reduce the yield of working devi-

ces (because the wires are in series and if one of these con-

tacts fails, then the device will fail).

The shadow mask [Fig. 5(a)] is fabricated on a highly-

doped Si(100) wafer with thermally grown oxide. It uses the

concept sketched in Fig. 2. As before, we start with the MMA/

PMMA bilayer in combination with selective electron-beam

exposure. The exposed bilayer is again developed in an IPA:-

MIBK (3:1) solution and placed in a high-vacuum electron-

beam evaporator (base pressure about 10�8 Torr). In this case,

the undercut does not need to be as large as in the previous

example and it is only used to improve lift-off. The material

evaporation sequence is shown in Fig. 5(a). First, we evapo-

rate NiFe under an angle of 45� relative to the substrate

normal, which creates the NiFe wires. Next, the substrate is

rotated 90� around an axis normal to the substrate and sequen-

tially tilted in opposite directions (645�) to create continuous

electrodes by Ag evaporation. With the 45� tilt only the mask

features in the deposition plane that contains the substrate nor-

mal and the evaporation source project onto the substrate. The

rest of the mask features result in material deposition onto the

sidewall of the top PMMA resist, which later on is removed

by lift-off. For this purpose, the height of the top resist has to

exceed the width of the larger feature, which in this case is

about 200 nm (note that the angle is 45�). Such height can be

readily obtained with commercial PMMA with the right

molecular weight. For example, PMMA with a molecular

weight of 950 K diluted at 3% in chlorobenzene spun onto a

substrate at 4000 rpm would result in a film of 300 nm. The

features in the PMMA mask must have a large aspect ratio.

For them to be well- defined, it is therefore necessary to use

an electron beam lithography system with large accelerating

voltages (�30 keV).

Electrical characterization of the finished device dem-

onstrates excellent electrical contacts between the large

number of wires [Fig. 5(c)]. We used magnetoresistance

(MR) measurements at 4.2 and 295 K, with a magnetic field

applied along the wires. At 4.2 K the MR is readily

explained by anisotropic magnetoresistance. The resistance

of the thermopile shows weak field dependence except

about the two narrow minima, which correspond to the

switching fields Bc1, Bc2 of the two wires geometries. At

295 K the magnon contribution to MR clearly dominates,

the resistance shows a nonsaturating linear decrease with

field which is due to a softening of the magnon-electron

scattering, and a decrease of magnon population with

increasing the field.15,20,21 Such small variations of the

resistance can only be observed in samples with clean low-

FIG. 5. (Color online) Fabrication of a thermopile and transport characteri-

zation. (a) A partial view of the design of the shadow mask made with

e-beam lithography using a PMMA/MMA bilayer on a SiO2/Si substrate.

The metal deposition sequence is shown. (b) Scanning electron microscope

image of a finished device. The central part of the device is formed by 20 Py

wire-pairs connected at both ends with Ag wires. The dc voltage generated

between the end electrodes is measured as a function of a temperature gradi-

ent created with an on-chip Pt heater (bright vertical strip) in close proximity

to the Py wires. (c) MR at 295 K (top curves) and at room temperature

(bottom curves). The B swept direction is from B> 0 to B< 0 (red) and

from B< 0 to B> 0 (blue). The arrows indicate the parallel/antiparallel

magnetization configuration of Py wires. The measurements were displaced

vertically for clarity.
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resistance contacts. If contacts dominate the overall resist-

ance the relative change due to magnetoresistance effects

could easily be masked by noise.

III. SUMMARY AND CONCLUSIONS

We described in detail the implementation of multiangle

evaporation methods that incorporate the height of the top

resist as a variable for mask design, which allowed us to

introduce controlled variations between multiple contacts

in the same device and to fabricate complex structures,

while avoiding contamination. Following this description,

we provided two examples for the enhanced shadow evapo-

ration method. The examples presented in this work are

closely related to spintronics. However, we expect that the

involved fabrication methods will also prove relevant in

other fields, in particular for complex superconducting cir-

cuits, including multiple-qubit systems. First, we demon-

strated a technique to create single electron transistors for

which the island can be very small and the two tunnel junc-

tions can be controlled independently. In this case, the

evaporation of material onto the mask walls eliminated the

deposition of multiple shadows of the transistor island,

which enabled us to contact the island using three-angle

evaporation over a suspended mask. The sequential deposi-

tion of the contacts and multiple oxidation steps allow the

independent control of the tunnel barrier resistances and

electrodes that can be very close. Second, we demonstrated

the fabrication of a thermopile with ferromagnetic compo-

nents comprising more than 40 wires with a nominal width

of 30 nm that were connected electrically in series. In this

case, we used a nonsuspended mask which presents the

advantage of being robust for complex extended features

without affecting the attained resolution.
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Attané, Phys. Rev. Lett. 107, 136605 (2011).

04E105-5 Costache et al.: Lateral metallic devices made by a multiangle shadow 04E105-5

JVST B - Microelectronics and Nanometer Structures

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  161.111.180.191 On: Wed, 23 Sep 2015 12:15:01

http://dx.doi.org/10.1103/PhysRevLett.59.109
http://dx.doi.org/10.1126/science.290.5492.773
http://dx.doi.org/10.1007/s11128-009-0108-y
http://dx.doi.org/10.1038/416713a
http://dx.doi.org/10.1142/S021797920905290X
http://dx.doi.org/10.1063/1.89690
http://dx.doi.org/10.1116/1.3673790
http://dx.doi.org/10.1063/1.1532753
http://dx.doi.org/10.1063/1.1830685
http://dx.doi.org/10.1063/1.2170138
http://dx.doi.org/10.1103/PhysRevLett.99.196604
http://dx.doi.org/10.1063/1.2710794
http://dx.doi.org/10.1103/PhysRevLett.99.226604
http://dx.doi.org/10.1126/science.1196228
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1038/nmat3201
http://dx.doi.org/10.1126/science.1081045
http://dx.doi.org/10.1038/nphys1095
http://dx.doi.org/10.1063/1.3635391
http://dx.doi.org/10.1143/APEX.4.063007
http://dx.doi.org/10.1103/PhysRevB.77.060401
http://dx.doi.org/10.1103/PhysRevB.77.060401
http://dx.doi.org/10.1103/PhysRevLett.107.136605



