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Atom chips: Fabrication and thermal properties
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Neutral atoms can be trapped and manipulated with surface mounted microscopic current carrying
and charged structures. We present a lithographic fabrication process for such atom chips based on
evaporated metal films. The size limit of this process is belgm1At room temperature, thin wires

can carry current densities of more tharf 20 cm? and voltages of more than 500 V. Extensive test
measurements for different substrates and metal thicknésgee 5um) are compared to models

for the heating characteristics of the microscopic wires. Among the materials tested, we find that Si
is the best suited substrate for atom chips2@4 American Institute of Physics

[DOI: 10.1063/1.1804601

Manipulation of neutral atoms using micro-structuredlayer (35 nm) and a thick Au laye(1-5um) are evaporated
surfacesatom chipsg has attracted much attention in recentat a short distance from the source at a rate of 5-40 A/s. To
years% Atom chips promise to combine the merits of micro- achieve good surface quality, care has to be taken in control-
fabrication and integration technologies with the power ofling the evaporation speed and substrate temperature. The
atomic physics and quantum optics for robust manipulatiomyold covered resist structure is then removed in a lift-off
of atomic quantum systems. Extreme and precise confingyrocedure using acetor# necessary in a warm ultrasonic
ment in traps with large level spacing is possillp to path and isopropanol as solvents. A second gold layer can be
~2mx1MHz and corresponding ground state sizes ofagded by repeating the above process. Some chips were cov-
~10 nm. Neutral atoms have been trapped by currents flowgreq with a thin protective insulation layer of;8j,. Finally,
ing inmicroscopic wires fabricated on the atom chip e chips are cut or cleaved to the desired dimensions of
surface”® manipulated by electric fieldsand even cooled to 25% 30 mnt.

Bose-Einstein condensates. . . . The resulting gold surfaces are smodadiiyrain sizes

The demands on atom chips are high current densities t%SO nm [Fig. 1(d)], and the wire edges are clearly defined.

create steep traps, and small structure sizes to create complﬁge surface quality depends on adhesion properties and the

potentials at a scalle where tunnelmg and qoupllng.betwe.egubstrate smoothness. Semiconductor substrés@sand
traps can become important. Exceptional high-quality fabri- aAS gave better results than sapphire samoles
cation is essential, since the smallest inhomogeneities in th% 9 9 han sapp IMples.

An important characteristic of atom chips is how much

bulk of the wire or the fabricated edges can lead to uncon-

trolled deviations of the current flow and therefore to disor—Cu"_ent and voIFage the microscopic wires can carry. The_
der potentials in the magnetic guides and tl‘%fﬁ%. achievable confinement of the atoms depends on the maxi-

The fabrication process preferred by groups working inmal potential gradient, which scales with the achievable cur-

the field is to grow thick wires from a thin patterned layer rént densityj.
using electroplating®**which allow large currents for trap-
ping and manipulating the atoms.

In contrast, we have chosen to pattern directly up to
5-um tall evaporated high-quality layers of gold using a pho-
tolithographic lift-off technique(Fig. 1). Wires are defined
by thin gaps in the evaporated gold surface. Thesesized
gaps only produce an insignificant amount of stray light
when the gold surface is used agearly perfectmirror for
laser cooling and atom imaging. This technique was pre-
ferred because it results in high surface quality and very|
smooth structure edges.

In our process, the substrat®i or GaAs covered with a
SiO, insulation layer or sapphiyas prepared with an adhe-
sion primer. To allow the evaporation of thick metal layers,
we spin up to 5:m-thick films of image reversal photoresist Iioum
(AZ 5214E) onto the sample at low speed. The resist is then
exposed to UV-light through ae-beam patterned mask. Af- FIG. 1. Microscope images of chip details during and after the fabrication.

ter developing the resist structu[Eig. ]_(a)], a Ti adhesion (& SEM picture of the resist structure. Its thickness ishh the undercut
is 0.6um. (b) SEM image of a typical fabricated wiréc) 1, 5, and 10tm-
wide gold wires on a fully fabricated chigd) AFM picture of the gold
¥Electronic mail: krueger@physi.uni-heidelberg.de surface. The grain size is 50—-80 nm.
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density.(b) For the slow process, the wider wire exhibits a larger tempera-

time (s), log. units ) |
ture increase at equal current den5|ty.

FIG. 2. Temperature evolution of aysn-wide, 1.4pm-tall wire mounted on
a 700um-thick Si substrate with a 500 nm Si@Golation layer. The thick

solid curves show measured data for 0.6, 0.5, and 0.3 A current pulses. In_ S . . . .
one cas€0.5 A) also the theoretical predictionwithout fitting parameteys | =1/Whis given by ohmic d|55|Pat|0n- Essentially, the heat is
are shown. The initial fast temperature incregin dashed-dotted curye removed through heat conduction to the substrate, as thermal

occurs on a microsecond time scale. The analytical model for the heat trangadiation is negligible for the observed temperatures. The
port through the substraighin solid curvg holds only as long as the ap- temperature evolution of the wire is determined by the heat
proximation of a half space substrate is valid. A two-dimensional numericalfI th h the interf hich exhibit th | tact
model(dashed curveaccurately reproduces the measurements. OVY roug € Inierface, which exnibits a err,na. con ac
resistancdgthermal conductanck), and the heat dissipation
within the substrate, governed by the heat conductivignd

To evaluate the fabrication process and to collect COMpaat capacityper volume C. This leads to two very differ-
prehensive data for the operation of the atom chips and theg;nt time scales for the hea:[ removal:

limits, a series of test chips was built incorporating 2-mm- - 114 time scale of the first procegseat flow from the

long wires with widths of 2, 5, 10, 50, and 1Q0n and | ...0 - the substrate throu ; ; A
) . ) . gh the isolation Igyisrgiven by
heights ranging from 1 to fim on different substratetSi 7= Cuh/ (k=hjZap) where C,, is the heat capacityper

with 20- or 500-nm-thick isolation layer, GaAs, and SaP-yolume of the wire, p its (cold) resistivity with a linearly

eatpproximated temperature coefficiemt For typical param-

®&ters of our chips, this time scale'1 us) is so short that the
temperature difference between the wire and the substrate

irp a wire of heighth and widthw carrying a current density

holder, and the current and voltage characteristics were m
sured under moderate vacuum conditiohe ® mbay).
Regarding charges, both semiconduct{gj) and insu-
lating (sapphirg@ substrates tolerated voltages 300 V hpj?
(>500 V for sapphirgacross a gap of 10m. This provides AT(t) = m
ample flexibility for manipulation of atoms in comparably P
deep potentials even at relatively large distances from theaturates practically instantaneously, unl¢ssxceeds the
surface by means of electrostatic fieltlg,~ kg X 100 uK at  limit of Vk/hap. In this case, an exponential rise of the tem-
a surface distance of50 um).* perature will lead to an almost instantaneous destruction of
The current characteristics were measured by pushing e wire.
constant current through the wire and recording the voltage Our model for the fast heating process quantitatively
drop, which yields the resistand® of the wire. Depending agrees with the data. While the initial temperature rise is
on the wire dimensionsR ranges from 0.1 to 100). The independent of the wire widtfFig. 3@)], it depends on the
experiments were carried out in a pulsed manner similar teontact resistance to the substrgay. 4@)]. The latter effect
the real atom chip experiments, allowing a cool down timecan clearly be seen by comparing the data for two Si sub-
(typically ~10 9 between the pulses. Usually, we arrangedstrates with different insulation layers. A 500-nm-thick $iO
the length of the current pulses such that the resistance rosayer leads to stronger heating than a 20-nm-thick layer. In
by less than 50%. This proved to be a safe procedure withowrder to find the optimal substrate, the values for the thermal
damaging the wires. At stronger heating, the measurementnductancek were obtained from fitting the model to our
were partly irreproduciblésometimes the wires were even data (k=6.5,3.5,2.6,2.% 10°W/K m? for Si with 20 nm
destroyegl SiO,, sapphire, Si with 500 nm SiQ and GaAs, respec-
The measurements show two time scales for the heatintjvely). The fitting is necessary, becauséncludes the con-
procesqFig. 2). Immediately after switching the current, the ductance through the insulation layer and the contact resis-
wires heat up on a microsecond time scale, seen as an itances at the individual material interfaces. The best
creased resistance in our experiments. This initial jumpgconductance was found for the Si substrate with the thin
which was not resolved in our measuremegtisie resolu-  SiO, layer. The differences between the remaining data are
tion 100yus), is followed by a slow rise of temperature, which mainly due to different wire heights. In our experiments Si
was observed over the full duration of the current pulsgs  substrates with thin isolation layers consistently exhibited the
to 10 9. lowest fast heating of typicallAT; ~50 K corresponding to
In order to gain insight into the relevant processes and~20% resistance increase at’18/cm?.
parameters, we compared our data with a simple model for In a two-dimensional model for the heat transport within

the heating of the substrate mounted wires. The heat createlde substrate, we assume a line-like heat source on the sur-
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16 ©) R A simple dissipation model. The optimal substrate has a large
- . ,//' 06 heat conductivity and capacity and is in good thermal contact
”\CE 14 o < with the wire. Si substrates with thin oxide layers showed the
§ o 0,4:2 best thermal properties of the examined samples as well as
8 ¢ d N good surface qualities. The described fabrication process
g 12 Ryt 02E§ leads to very accurate edge and bulk features, limited by the
B ;; s.| grain size of 50—80 nm. As a result, the disorder potentials
,%3 NPT TL have been observed to be sufficiently small not to fragment a
1 - - -7 0 . _ .
S S e— o 5 4 s & 1o cold thermal atomic cloud(T=1 uK) at a distance of
current density (10% Alem?) current density (10° Arem?) <5 oum from the Wil'e%6

FIG. 4. Heating of Gsm-wide Au wires fabricated on a commercial GaAs The authors thank T. Maier and K. Unterrainer of the
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500-nm(V) and a 20-nnt*) thick isolation layers. The heights of the wires P ; ; o At

are 1.4um (Si), 2.6um (sapphire, and 3.2um (GaAs. (a) The prediction of and their |'n3|ght in developing 'the initial fabrlc_atlon process
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