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Many proposals for quantum information processing require precise control over the
motion of neutral atoms, as in the manipulation of coherent matter waves or the con-
nement and localization of individual atoms. Patterns of micron-sized wires, fabricated
lithographically on a at substrate, can conveniently produce large magnetic- eld gradi-
ents and curvatures to trap cold atoms and to facilitate the production of Bose-Einstein
condensates. The intent of this paper is to provide the researcher who has accessto a
standard clean-room enough information to design and fabricate such devices.
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1 Intro duction

Cold samplesof neutral atoms and Bose-Einstein condensateshave becomereadily available
using the techniques of laser cooling and trapping [1], and it has beenwidely recognizedthat
cold atoms are a rich resourcefor experiments in quantum information science.For many pro-
posals,however, quantum control of the atomic motional degreesof freedomis essetial. For
example, quantum computation in a cavity QED setting or through controlled cold collisions
requires the ability to trap and cortrol single atoms in the Lamb-Dicke regime [2, 3, 4]. In
1995, Weinstein and Libbrecht noted that micron-sized wires, fabricated on a substrate, are
capable of producing the large magnetic eld gradients and curvatures required for trapping
atoms in the Lamb-Dicke regime [5]. Westenelt et al., in 1998, succeededn fabricating the
wire patterns usedin the trap designsof Weinstein and Libbrecht [6]. These microwire de-
vices, now commonly known as atom chips [7], have beenusedto great successn atom optics
and in the production of Bose-Einsteincondensate§BEC), and are promising tools not just
for quantum computation, but for atom interferometry, cavity QED, and the study of cold
collisionsaswell [8, 7, 9, 10]. In this paper we describe techniques, which have beenadapted
from the standard lore of microfabrication, for fabricating this increasingly important tool for
atomic physicsand quantum optics.

Atom optical elemens, such as mirrors, waveguides,splitters, traps, and corveyor belts
have beendemonstrated using atom chips [11, 12, 13, 14, 15, 16, 17]. Cesiumcold collisionsin
the presenceof light have beenstudied using a magnetic microtrap [18], and the useof b er
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gap [19, 20] and microsphere cavities [20] for on-chip atom detection is being explored. lon
trap experimerts are now using substrateswith microfabricated electric pads for the purpose
of controlling ion position [21, 22].

On-chip production of a BEC has beenone of the most successfulusesof the atom chip
thus far [23, 24, 25]. loe traps formed from microwires can produce extremely large trap
compressionsthat enhancethe e ciency of evaporative cooling. Consequetly, condensate
production time can be reduced from one minute to approximately ten seconds[23], and
MOT loading can occur from a thermal vapor in a glasscell with a vacuum of only a few
10 19 Torr. All of the required magnetic elds can be produced on-chip [26, 27], removing
the necessiy of large, high power external coils. The atom chip greatly miniaturizes BEC
production and will enablethe integration of matter waveswith chip-basedatom optics and
photonics.

Another exciting avernue of researt involvesthe useof an atom chip to trap, in the Lamb-
Dicke regime, one or more atoms in the mode of a high nesse cavity. The combination
of magnetic microtraps and photonic bandgap (PBG) cavities would be an excellert cavity
QED system for the implementation of scalable quantum computation, or for the study of
continuous measuremeh and quantum-limited feedbad&. One technical proposalinvolvesthe
integration of a PBG cavity with anlo e trap formed from microwires patterned on the same
surface[28]. The combination of small mode volume and modest optical quality factor that
should be obtainable with PBG structures would enable strong atom-cavity coupling. This
would be an interesting alternative to present experiments that utilize a Far O Resonance
Trap (FORT) to con ne atoms inside optical Fabry-Perot cavities [29]. Seeral PBG cavities,
ead with an independent microwire trap, could be fabricated on the same substrate and
coupled together with a network of line-defect optical waveguides.

Atom chips exploit the interaction potential, V = ~ B, betweenan atom's magnetic mo-
ment, ~, and a wire's magnetic eld, B, to trap or guide weak- eld seekingstates of a neutral
atom. In general,the eld's magnitude, gradiert, and curvature scaleas| =r, | =r2, and | =r3,
respectively, where | is the wire's current and r is its characteristic dimension. Microscopic
wire patterns maximize eld gradients and curvatures while keeping power dissipation to a
minimum. Experiments involve ultra-high vacuum chambers wherein atoms are trapped and
cooled near the vicinity of the atom chip's con ning magnetic potentials.

2 Fabrication Challenges and Constrain ts

Fabrication of atom chips posesseeral challengesin addition to thoseencourtered in standard
photolithography [30]. Many applications require the wires to be a couple microns wide by a
few microns tall and spacedonly a few microns from one another. One micron resolution is
near the limit of standard photolithography, and much care must be taken to accurately pro-
duce these micron-sizedwires. Wires with widths much lessthan a micron|though perhaps
important for realizing potentials with sub-micron scalefeatures|are of limited usefulness
for creating large magnetic eld gradients and curvatures since they becomelimited to the
samemaximum current density as micron-sizedwires [31]. Further fabrication complications
arise from the needto trap the atoms near the substrate's surface, and the needto connect
the microwires to macroscopicleads without blocking optical access. A common technique
for trapping atoms near the substrate surface,the mirror magneto-optical trap (MMOT), re-
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quiresthat this surfacebe an optical mirror aswell asthe support surfacefor the microwires
(see gure 1) [8]. The substrate surfaceneedsto be larger than 5to 10 cm? to accommalate
the re ected trapping beamsas well asto allow the pads for macroscopicwire contacts to
be outside of the mirror area and not blocking the optical accessneededfor the trapping,
imaging, and pumping beams. Consequetly, the wire pattern must be awlessover an ex-
ceptionally large surfacearea: during fabrication one must be extremely careful that no dust
or surfacedefectsbreak or short the wires.
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Fig. 1. Diagram of the mirror MOT experimental set-up. A quadrupole eld and two 45 laser
beams and one retrore ected grazing beam (perpendicular to the page and not shown) form a
MOT 1.5to 4 mm above the substrate.

The major fabrication challengeliesin increasingthe height of the wiresto a few microns.
Eventhe smallestwires needto support up to an amp of current, and consequetly, the cross-
sectional area of the wire must be maximized. This reduceswire resistanceand limits the
heating that causeswire breakdowvn. Moreover, attention must be paid to the thermal conduc-
tivit y of the substrate and mounting systemto ensuresu cien t power dissipation. Sapphire
or polished aluminum nitride (AIN) substrates provide su cien t thermal conductivity, but
are slightly trickier to usefor fabrication than more standard substrates.

The useof microwiresto createan lo e trap illustrates thesechallenges. The wire pattern
shawvn in gures 2(a) and (b) createsa 3D harmonic trap when combined with a perpendicular
homogenousbias eld [5]. Unlike a quadrupole trap, the loe trap has a non-zero eld at
the trap certer and thus doesnot su er from Majorana spin- ip losses.An atom is con ned
within the Lamb-Dicke regime when its recoil energy is lessthen the trap's vibrational level
spacing( = (Erecoil =Evib)*™2 < 1), and for a cesiumatom this occurswhenthe trap curvature
exceed®?2 10° G/cm?2. To achieve this extremely large eld curvature in all three dimensions,
the radius of the wire pattern in gure 2(a) must be smallerthan 30 m. For a trap of
inner radius 10 m, outer radius 15 m, and wire current | = 1 A, the curvature and Lamb-
Dicke parameter, , at the certer of the trap in the axis perpendicular (plane parallel) to the
substrateis 2 10° G/cm? (2 10 G/cm?) and = 0:38 ( = 0:11). The closely spaced
wires can only be a few microns wide, and even if fabricated to a height of 2 to 4 microns, the
wires would needto support the large current density of 10 A/m 2. The accommalation
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of laser beamsfor atom cooling, loading, and imaging constrains and complicates the atom
chip's design. The trap minimum is only 7 m from the substrate's surface,and the mirror
patterned on the surfacefor usewith the MMOT must neither short the lo e wires nor extend
morethan 5 m from the surface. The following sectionsdescribe the necessaryfabrication
tools and the techniqueswe useto overcomethese challenges.

N
hd

Fig. 2. The planar Weinstein and Libbrec ht-style lo e trap. a) When combined with an opposing
bias eld, this wire pattern producesa 3D harmonic potential above the substrate with a non-zero
eld at the trap center [5]. b) A planar loe trap with an on-chip bias coil fabricated with gold on
sapphire using the liftto method. In the sample shown here, the wire height is 1.5 m and the
minim um wire width is 10 m. The gold between the wires forms a mirror for creating a mirror
MOT.

3 The Elements of Atom Chip Fabrication

Microfabrication is a labor intensive process,often involving seweral weeksof trial and error
to perfect the fabrication recipe. Howewer, once the processworks, v e to ten atom chips
can be produced over a span of two to three days. The intent of this paper is to provide
the researtier who has accessto a standard clean-room enough information to designand
fabricate an atom chip. We will describe the use of fabrication instruments and techniques
only insofar asthey are relevant to atom chips. Fabrication is not an exact science,and the
techniquesdescribed here may not be optimal, but neverthelesshave proven successfufor the
chips we have fabricated.

In photolithography, UV light shonethrough a photomask castsshadovs onto photoresist,
a light sensitive polymer, which is coated on the surface of the substrate. Either positive or
negative photoresist may be used, with the primary di erence being that exposedareas of
positive photoresist are removed after developing whereasexposedareasremain in a process
using negative photoresist. The various fabrication techniquesdi er in how the wire metal
and photoresist are used to create the wire patterns. For instance, the wire metal may be
either thermally evaporated into the trenches created in the photoresist, or grown upward
trough the trenchesby electroplating onto a seedmetallic layer underneath the photoresist.
The photoresist and unwanted metal are removed leaving only the desiredwire pattern. Gen-
erally, chip fabrication consistsof six steps: creating a photomask containing the desiredwire
pattern, using photolithography to transfer the wire pattern to photoresist on a substrate,
thermally evaporating wire material, increasingthe wire height, preparing the surface mir-
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ror, and making cortacts to macroscopicwires. The details and exact order of these steps
vary depending on the speci c requiremerts of the microwire pattern to be fabricated. For
instance, wires wider than 30 m or lessthan one micron in height may be fabricated with a
much simpler technique than thinner or taller wires. This sectiondiscusseghe stepscommon
to all techniques. Proceduresrequired to increasethe wire's thicknesspertain to individual
fabrication techniquesand will be discussedin the next section.

3.1 The photomask

The photomask is typically a 10 cm square piece of glassor transparent plastic on which is
printed a positive or negative 1:1 image of the wire pattern. Wire patterns with widths or
spacingslessthan 30 m require a professionally made chrome mask: one in which the
pattern is written with chromium on a glassplate. We have usedthe compary Photronics,
Inc. (telephone 619-992-8467)to make photomasks from AutoCAD drawings. Much care
must be taken in producing the AutoCAD les sincenot all functions are properly corverted
to the compary's le format. These masks are quite expensiwe, costing between $600 and
$800, but have sub-micron resolution and are typically shipped within a week. It is possible
to purchasea laser writer to produce in-house photomaskswith resolution down to 0.8 m.
This can be a cost e ectiv e alternativ e to purchasingindividual masksfrom companies.
Many commercial printing shops are capable of printing overhead transparencies with
high enough resolution to serwe as photomasks for wire patterns with features larger than
30 m. The line edgesare granular on a scale of a few microns, and the UV exposure
time must be adjusted to accourt for the ink not being perfectly opaque. Howeer, the one
day turn-around, low costof $20,and easeof le preparationjonly an .eps le is typically
needed|mak e the transparency photomask quite an attractiv e alternativ e for large features.

3.2 The substrate

As mertioned earlier, the substrate material for the atom chip should be carefully chosen:
it must be electrically insulating, highly polished, insusceptible to fractures upon localized
heating, and an excellert thermal conductor. We have found that both sapphire and AIN
substratessatisfy theserequiremerts. Sapphire substrates0.5 mm to 2 mm thick with surface
areasof several cm? may be purchasedfrom companiessuc asMeller Optics, Inc. (telephone
800-821-0180)for $30to $40 apiece. A surface quality of 80-50 scratch-dig is su cien t for
fabrication. The thermal conductivity of AIN, 170 180Wm 'K ' at 20C,is 45
times higher than that of sapphire[31]. We measuredthat the max current density supported
by microwires on AIN, 2 10" A/Im?, is a factor of two greater than for microwires
patterned on sapphire. This was measuredusing electroplated gold wires of varying cross-
sectionspatterned exactly the sameway on both AIN and sapphire substrates. Speci cally,
we usedseweral 3 m and 20 m wide wires whoseheights ranged from oneto three microns.
The substrateswere glued to room temperature copper blocks using EPO-TEK H77 (Epoxy
Tednology, telephone978-667-3805)a thermally conductive epoxy.

Sapphire substrates are easierto use for fabrication becausetheir transparency allows
one to detect and avoid defects and dust during the photolithography process. Polished
AIN substrates may be purchasedin bulk for lessthan  $75, and unlike sapphire, AIN
substratescan be cleaved with a diamond scorerto any shape desired. The polished AIN still
has a considerableamourt of surface roughnessjone micron wide plateaus a few hundred
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nanometerstall are typicallbut we found that it is neverthelesspossibleto fabricate on this
surfaceperfect three micron wide wires spacedlessthan three microns from one another. The
surfacebumps simply map directly onto the upper surfaceof the wires.

3.3 Substr ate cleaning

Before the photolithography processmay begin, the surfaceof the substrate must be cleaned
to remove all organic material and dust. Although some of the following steps may seem
unnecessaryand \overkill," investing the time to thoroughly clean minimizes the chancethat
after many hours of work, one discovers that a piece of dirt has broken or shorted a wire.
The rst stepis to immerse the substrate in a beaker of \piranha etch,” sulfuric acid and
hydrogen peroxide in a 10:1 volume ratio brought to 100 C on a hot plate for 5 min.
Te on coated, at tipp ed tweezersare ideal for manipulating substrates. After the etch, the
substrate should be placedin a beaker of acetone,heated againto 100 C for a few minutes,
and nally inserted into an ultrasound cleaner for few more minutes. In extreme casesof
substrate grime, a cotton tipp ed dowel can be usedto manually wipe away the dirt. Acetone
leaves a thin ImjJand sometimeseven particulate|when allowed to dry on a substrate's
surface. It is imperative that one spray isopropanol (IPA) onto the substrate asit is removed
from the acetonebath. This rinsesthe surfaceof acetoneand wetsit with IPA which doesnot
quickly dry. The substrate must then be rinsed with methanol, which is relatively clean and
doesnot leave a Im, and quickly blown dry with an air or nitrogen gun. It is crucial that the
air jet is aimed almost parallel to the surfaceso that the methanol is blown-o rather than
dried on the substrate. When done correctly, the only remaining dirt particles will be along
the edgeof the substrate that is downwind of the air jet, and not in the certer fabrication
region. If the substrate is reasonably clean after the piranha etch, then the acetone step
(which may actually add somedirt particulate) may be skipped, and the substrate should
instead be immersedin IPA and placed inside an ultrasound cleaner.

3.4 Thermal evaporation

Certain fabrication techniques, to be discussedbelow, require that a 100 nm metal layer be
thermally evaporated before coating the surfacewith photoresist. We take this opportunit'y
to discussthe thermal evaporation process. We use gold for the wires becauseof its high
electrical conductivity, resistanceto corrosion, and easeof evaporation, electroplating, and
wet etching. To successfullydeposit gold on a substrate's surface,one must rst evaporate a
50 A metallic layer that promotes adhesionbetweenthe gold and the sapphire or AIN. We
typically use chromium, but titanium may also be used. The magnetic e ects from the thin
layer of chromium are negligible. In a thermal evaporator, the substrate is mounted in a
vacuum chamber facing a tungsten crucible positioned a few tens of certimeters below. The
crucible, known as a boat, can hold 10 to 20 piecesof 2 mm long and 0.5 mm diameter
gold wire. Current o ws through the boat, melting the gold and spewing it upwards toward
the substrate. A calibrated crystal monitor measuresthe deposition rate. One to two boats
are su cien t to deposit 100to 200 nm of gold, and this costs$10to $15per boat. There are
typically only four sets of electrical feedthroughsin the evaporator's vacuum chamber, and
to deposit more gold, one needsto bring the chamber up to atmosphere, reload the boats
with gold, and pump bad down to basepressure|a processthat takesabout an hour. The
substrate mounting areaallows seeral substratesto be coatedat once. Evaporating lessthan
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1 m of gold is reasonable,but depositing morethan 1 m becomestoo expensive and time
consuming, and the quality of the gold surface beginsto diminish. Moreover, the vacuum
chamber evertually becomeshot which may result in the failure of the crystal monitor or the
burning of photoresist.

3.5 Photor esist spinning and baking

Photoresist doesnot always adherewell to the substrate's surface. Before coating with pho-
toresist, the substrate should be baked on a hot plate at 150 C for a few minutesto remove
surfacemoisture. Hexamethyldisilazane (HMDS) should be usedwith sapphire substratesto
promote adhesion(this is unnecessaryfor AIN). Only a few monolayersof HMDS are required:
after baking, place the sapphirein a dish next to sewral drops of HMDS and cover for a few
minutes. Note that both HMDS and photoresist are carcinogenicand should be handled with
care.

Spinning photoresist onto a substrate is a relatively straightforward process. The sub-
strate, with beadsof photoresist dripped onto its surface, is spun by a vacuum chuck to a
few thousand rpm for seweral tens of seconds. A faster rotation results in a thinner Im of
photoresist. Typically, a Im thicknessof a few microns is possiblewith standard photore-
sists, and there exists special resiststhat are four to twenty microns thick. Thesethick resists
are often important for making tall wire structures. The thicknessof a photoresist may be
increasedbeyond its speci cation by dripping resist onto its surface during rotation. After
spin-coating, the photoresist needsto be baked on a hot plate to prepare the polymer for
UV exposure. The exact temperature and bake duration are often crucial to the successof
the fabrication. We would like to note that it is possibleto layer microwire patterns on top
of one another by fabricating eacd new wire layer on top of a spin-coated insulator such as
polyimide [32].

3.6 UV exposure

The certral step in photolithography is the UV exposure of the photoresist. An instrument
known as a mask aligner allows one to accurately position the photomask ush to the sub-
strate's photoresist-coated surface, and a built-in UV lamp exposesthe photoresist for a
speci ed amount of time. Essenial for photomask and substrate registration is an optical
microscope mounted on the mask aligner. This enablesone to simultaneously view the wire
patterns on the mask and the underlying substrate. Dust particles or scratchesoften remain
on the substrate even after a thorough cleaning. If thesedefectsare sparse,then the substrate
may be translated suc that the wires avoid all defects. Aligning the chip's wire pads along
oneor more edgesof the substrate further constrainsthe relative position of the photomaskto
the substrate. It should be noted that it is di cult to properly developthe pads(or other wire
features) lessthan a millimeter from the edgedue to photoresist beading. Certain fabrication
recipesrequire the photoresist to be baked and exposedagain before developing.

It is good practice to cleanthe chrome photomasksafter every use. Photoresist can stick
to the surface,and if left for days, will produce hard to remove specsthat can block the UV
light, creating unwanted features or breaksin the patterned wires. Immersing in a dish of
acetoneand rinsing with IPA and methanol is su cien t for routine cleaning. Somechrome
masks can withstand ultrasound cleaning as well as being wiped with a soft, lint-free cloth,
and this seemsto be the only way to remave encrustedgrime or particulate.
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3.7 Developing

To remaove the photoresist regions de ned by the UV exposure, the substrate must be im-
mersedand slightly agitated in a beaker of developer for a few tens of secondsfollowed by a
water rinse. The exact deweloping time depends on the previous fabrication steps, but it is
generally possible,especially with the transparent sapphire substrates,to seea characteristic
changein opacity of the photoresist asit becomesfully deweloped. For instance, when using
a positive process,one rst seesthe exposedphotoresist turn hazy, revealing the wire pat-
tern. After a few secondsthe hazy region sloughso exposingthe bare substrate and leaving
darker, patterned regionsof photoresist. If a mistake is madeat any point in the photolithog-
raphy processthe substrate can be reusedby remaoving the photoresistin a beaker of acetone
and cleaning the substrate as mentioned above, starting with the ultrasound.

3.8 Ozone dry stripping

Certain fabrication processesrequire the substrate surface to be etched in an ozone dry
stripper. This usesUV light, ozone, and heat to remove thin Ims of unwanted organic
material, photoresist, or HMDS that may prevent the deposition of thermally evaporated or
electroplated gold.

3.9 Wir e contacts

Wire bonding and ultrasonic uxless soldering are useful methods for attaching macroscopic
wires to the substrate's contact pads. Wire bonding is the standard method for making
cortacts to micro- or nanofabricated devices. The wire bonder attaches ead end of a thin

thread of gold wire to a pad using a heated, ultrasonically vibrating tip. The thin wire may be
stretched over seweral millimeters betweenthe pad on the substrate and a pad on the substrate
support structure. The padson the support structure may then be connectedto standard wire
cortact pins. Becausethe wire threads are prone to break and cannot individually support

more than a few hundred mA of current, it is necessaryto make se\eral redundant bonds per
pad. This processcan be quite time consuming. As an alternativ e, ultrasonic solderingirons
are capable of attaching regular wires to sapphire or AIN using uxless solder. Attaching
wires is nearly as simple as standard soldering, and the uxless solderis vacuum compatible
to at least 10 ° Torr. Unfortunately, the solder material forms mounds on the substrate's
surfacethat can limit optical access.

3.10 The mirr or

Finally, we would like to discuss methods for making the atom chip's surface mirror-lik e.
The most straightforward method involvessimply patterning gold on the ertire chip's surface
except for thin, > 10 m, wide gaps around the actual wires [7]. This technique does not
add any additional stepsto the fabrication procedure,but it doesincreasethe likelihood that
surfacedefectswill short the wires through contacts to the large mirrored areas. The mirror
gapsthat de ne the wiresimprint defectsonto the re ected mirror MOT beams,but we have
neverthelessbeenable to trap more than a million cesiumatoms with this lessthan perfect
mirror. Another technique involves coating the chip's surface with an insulator and then
applying a mirror coating. For example, seweral layers of polymethyl methacrylate (PMMA)

can be spun onto the substrate. Swabbing with acetoneremovesthe PMMA covering the
wire pads near the substrate's edge,and the mirror is created by using a mask to thermally



458 Fabrication of micr o-magnetic traps for cold neutral atoms

evaporate gold only onto the PMMA-coated region. Epoxying a silver mirror (with EPO-TEK
353) to the surfacealsoforms a good mirror, and it eliminates any corrugations on the mirror
surface causedby the underlying wires [11]. Unfortunately, the minimum distance between
the atoms and the wires is set by the mirror and epoxy thickness. An improved mirror can
be made by epoxying a dialectic mirror onto the surface. Vacuumsof 2 10 1° Torr, in a
chamber baked to 150 C, have beenachieved despite using this glue and dielectric coating.

4 Specic fabrication techniques: wet etching, ion milling, lift-o metho d, and
electroplating

The minimum required wire dimensionsvary signi cantly depending on the the atom chip's
application, and an optimal fabrication technique should be chosenaccordingly. This section
describesthe recipe and relative merit of ead fabrication method.

4.1 Wet etching and ion mil ling

The simplest chip to fabricate haswire widths no smallerthan 30{40 m and wire heights less
than 1 m. A transparency mask should be usedfor the photolithography (seeSection 3.1).
The wire height is set by a thermally evaporated gold layer and the photoresist masksthe
gold intended for wires from the wet etch solution (see gure 3(a)). To beginthe procedure,
the cleaned substrate should be placed in the ozonedry stripper for v e minutes at 65 C
to ensurethat no organic material will prevert the adhesion of chromium and gold. The
thermal evaporation step follows, with the thicknessof the gold layer determined by chip's
current density requiremerts. Becausethe photoresist adhereswell to gold, only a 5 min bake
at 180 C is necessaryfor adhesion. Wet etching removes exposedgold, and the photoresist
should be patterned such than it coversthe areasintended for wires, i.e. the photoresist should
be a positive image of the wire pattern. A photomask on which the wires are opaque, used
in conjunction with positive photoresist, will produce a positive image of the wire pattern.
We usethe photoresist AZ5214 (Clariant), which can sere as both a negative and positive
photoresist depending on the bake and exposure procedure. The positive processrecipe is
as follows: spin coat at 5000 rpm for 50 s, bake at 95 C for 2 min, exposefor 10 to 20 s,
and dewvelop in Az327 MIF (or somesimilar deweloper) for 30 s. All of the above times are
approximate and will vary depending on the UV light intensity of the speci c mask aligner
and on various environmental conditions. It may be necessaryto try various exposure and
bake times to nd the optimal recipe. These exposure times are basedon the 16 mW/cm 2
UV intensity of our mask aligner. To remove the gold not covered by photoresist, submerge
the substrate in gold etch solution (Gold Etchant TFA, TranseneCompary, Inc., telephone
978-777-7860%or a few tens of secondsauntil only the dull gray of the chromium layer remains.
Finally, remove the chromium layer with chrome etchant (CR-7S, Cyantek, Co., telephone
510-651-3341).Figures 4(a) and (b) shav a substrate patterned in this manner. The wet etch
dissolesthe gold isotropically, and the decreasdn wire width is insigni cant for wires larger
than 10to 20 m. Of course,transparency maskscannot be usedfor features smaller than a
few tens of microns.

lon milling can be useful alternative to wet etching. Instead of removing the unwanted
gold with an etch solution, argon ions anisotropically bombard the surface,removing the gold
not covered by photoresist (see gure 3(b)). This method can produce very narrow features,
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Fig. 3. Fabrication techniques. (a) Patterned positive photoresist masks the gold layer from the
gold and chromium wet etch. (b) The argon ions mill away the gold not covered by positive pho-
toresist. (c) Gold is thermally evaporated into the trenches patterned in the negative photoresist.
The undercut allows the photoresist and unwanted gold to separate from the substrate without
peeling away the gold in the trenches. (d) Wires are de ned by gaps in the positive photoresist,
and the walls of the photoresist guide the wires as they are electroplated. After electroplating,
acetone removes the photoresist and gold and chromium etches remove the seedlayer.
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a) b)

Fig. 4. Gold wire patterned using the wet etch technique. (a) This atom chip contains a quadrup ole
trap in the U con guration. The gold wire, patterned on sapphire and surrounded by a gold mirror,
is 300 m wide and 1 m tall. (b) Close-up of the wire region. The gold appears darker than the
uncovered sapphire substrate.

limited only by photoresist resolution, with heights determined by the thermally evaporated
gold layer. The photoresistis alsomilled, but this is of no consequenceaslong asit is thicker
than the gold layer. The substrate may becomequite hot during the ion etching, and one
needsto be careful that the substrate does not overheat, causingthe photoresist to become
hard and di cult to remove. We have usedion milling to make atom chips aswell asto etch
a common hard drive for useas a magnetic atom mirror [17).

4.2 The lift-o metho d

The quick and easywet etch technique is unfortunately not suitable for wire widths smaller
than 10 m, and ion milling machinesare not readily available. The lift-o method should be
usedfor the casein which the wires neednot be taller than 1 m but lessthan 10 m wide.
In cortrast to the wet etch technique, the photoresist in this method is used as a mask for
the deposition of thermally evaporated gold. Trenches are created in a negative photoresist
using a photomask with opaquewires, and evaporated gold deposits both into the trenches,
adhering to the substrate, and onto the surface of the photoresist (see gure 3(c)). If done
properly, the walls of the trenches have an overhang|whic h looks like an undercut when
viewed from above|that prevents the unwanted gold on the photoresist from connecting to
the gold in the trenches. An acetonebath dissolvesthe photoresist, allowing the unwanted
gold to lift-o leaving the wire pattern formed from the gold in the trenches.

After cleaningthe substrate, the AZ5214is spun on the substrate for 45sat 5000rpm. The
maximum height of the thermally evaporated wires is set by the thicknessof the photoresist
sincelift-o  will not work oncethe top of the gold connectswith the gold on the overhang.
We have beenable to achieve lift-o  with wires 1.5 m tall by spinning the photoresist on at
2000rpm and thermally evaporating many boats of gold over a period of three to four hours.
The photoresist should then be baked for 45sat 100 C, UV exposedwith the photomask for
10 s, baked again for 45 s at 123 C, UV exposedwith no mask for 2.1 min, and deweloped
for 25to 35s. Developingis nished when one can seethe wire pattern in the photoresist. A
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successfulindercut canbe seenin a microscope asa bright outline of the edgesof the trenches.
Before thermal evaporation, the substrate should be placedin the ozonedry stripperat 65 C
for 5 minutes. This removes unwanted material that could prevent gold adhesion,and does
not seemto hamper photoresist removal as in the electroplating processdescribed below.
To promote lift-o, the acetonebath should be heated on a hot plate, and the substrate,
while inside the bealker, should be sprayed with an acetonesquirt bottle. It is very important
that all of the gold-coated photoresist be pealed away before the substrate is removed from
the acetone. Otherwise, once dried, the unwanted gold ak es becomeextremely dicult to
separatefrom the surface. Di cult y in achieving lift-o may be overcomeby brie y exposing
the substrate to ultrasound. This is risky, howewver, sincethe gold wires might be stripp ed-o
aswell. Figure 2(b) showns an atom chip fabricated with the lift-o method.

4.3 Electr oplating

The above methods rely on thermal evaporation to achieve the required wire thickness. This
limits the wire heights to 1 m. Electroplating the wires can increasethe wire height
considerably: for example, we have made 3 m wide wires, 4 m tall. Thick photoresist
spun and patterned on a thin gold seedlayer provide a template for the growth of the wires.
The walls of the photoresist maintain a constart wire width asthe wire height increases(see
gure 3(d)). An acetonewash followed by a brief wet etch remaovesthe photoresist and gold
seedlayer. Electroplating is a tricky processthat doesnot always produce reliable results.
We provide here a general guideline for the process,and with this processwe have typically
beenable to achieve a 75% yield with a wire height accuracyof 0.5 m.

Fabrication beginswith cleaning and ozonedry stripping the substrate, followed by the
thermal evaporation of a 100 to 150 nm seedlayer of gold along with a 50 A chromium
adhesionlayer. For proper wire guiding, the photoresist must always be taller than the elec-
troplated wires, and a photoresist thicker than the oneusedin the aforemerioned techniques
is necessary Clariant's AZ9200 seriesphotoresistsare 4 to 24 microns thick, and can achieve
aspect ratios of 5to 7 with resolutionsof< 1 mto 3.5 m depending on the resist thickness.
After spin coating, the photoresist should be UV exposedfor 60 s (or longer depending on
the photoresist thickness) using a photomask with transparent wire patterns. The resist is
deweloped in a 1:4 solution of AZ400K and water for a minute or more: the exposedphotore-
sist will turn hazy beforedissolving away. The gold seedlayer also acts asthe cathode in the
electroplating process,and someof the photoresist must be whipped away with acetone|or a
blank spot designedin the photoresist|to serwe asa contact for the cathode lead. An ozone
dry etch is then usedto remove any layersof HMDS, photoresist, or organicsthat might mask
regionsof the gold from the electroplating solution. The time and temperature of this process
is crucial: too long of an exposure at too high of a temperature will make the photoresist
dicult to remove betweencloselyspacedwires, and too short of an exposurewill not remove
enoughunwanted masking material. For example, we found that an 18 s room-temperature
ozonedry etch was optimal for removing unwanted material while also enabling the removal
of photoresist betweenwires spacedby 3 m.

We usea sadium gold sul te solution (TG-25E, Tednic, Inc. telephone714-632-0200¥or
the electroplating. The solution is temperature cortrolled on a hot plate to 60 C and agitated
with a magnetic stirrer. The anode is a platinum foil, and the substrate is connectedto the
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power supply with a standard mini alligator clip. This clip can be dipped into the bath to
enablethe complete submersionof the substrate. We usually usea current of 0.1to 0.2 mA
to electroplate. Higher currents seemto produce rougher wire surfaces. The solution should
remain clear to slightly yellowish during the process,and somethingis wrong if the solution
starts to turn brown. The substrate should be gertly agitated while electroplating to promote
even plating and suppressthe formation of 5 m tall towers of gold. Typically, it takes10
to 30 minutes to electroplate seweral microns of gold at this current setting.

After electroplating, the photoresist should be removed in a room-temperature acetone
bath. Sometimesit is di cult to remove the photoresist between wires spacedonly seweral
microns from one another, and in thesecasesthe substrate|while in the acetone|should be
placedin an ultrasound for a few minutes. The gold should not peelaway sinceit is attached
to the entire substrate surface. After rinsing the acetoneaway with IPA and methanol, the
gold seedlayer is removed with a 15 s wet etch. The chromium adhesionlayer should also
be wet etched away. Occasionally the air jet doesnot remove all of the methanol from the
substrate, and tiny drops of methanol can sometimesdry on leeward side of the wires. This
dried methanol acts as a mask for the gold etch, leaving small puddles of the seedlayer that
can short adjacert wires. These puddles can be removed by rinsing with methanol, blow-
drying from a di erent angle, and briey wet etching a secondtime. The surfacere ectance
of the gold is typically diminished after the wet etch, and a mirror fabricated with this gold
may not be ideal.

A surface pro lometer, commonly known as an alpha step machine, is quite useful for
quickly measuringthe height of the wires. Inevitably, a few substrates must be spent opti-
mizing the electroplating processfor a speci ¢ wire height. Figures5(a) and (b) showv an atom
chip-based BEC interferometer that we fabricated by electroplating on an AIN substrate [33].
The smallest features are v e, 1 mm long wires that are eadh 3 m wide, 4 m tall, and
spacedlessthan 3 m from one another.

5 Conclusion

The techniques described in this paper provide a basic starting point for the design and
fabrication of these atom chips. The precise control of atomic position enabled by these
chips is quite crucial to many areasof researti. Moreover, these devicesallow an incredible
miniaturization of experimerts involving cold atoms. From constructing atom optical elemeris
to studies of BECs and cavity QED, atom chips are proving invaluable to the elds of atomic
physics, quantum optics, and quantum computation.
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Fig. 5. An atom chip-based BEC interferometer fabricated by electroplating onto a AIN substrate.
a) The chip will produce a BEC and transport it to the center region where b) v e wires 3 m
wide, 4 m tall, and spacedby 3 m will split the BEC in a double well potential.
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