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Executive Summary

Atom Quipsare composed ofnicro-wiresfabricatedon a substrateThe wires are on a
scale of micrometers: the thickness of the wires is 0.1 um, the length of the wires is 4.8 mm, and
the width of the wires range from 10 @00 um. For this project, the wires are straight with two
large pads of 2 mm x 3 mm at the end for contact purpose. They are designed to transmit high
current throughto generate magnetic fields fdarappingcoldatoms.At present atom chips are
commonlyfabricated by theprocessof photolithography However this project is part of a
research effort to investigate the efficacy of usigmtosecondFs)aserablation for the Atom
Chip fabrication process. This technique offers the advantages of redbeingitmber of
processing steps necessary to create a prototype Atom Chip and eliminating the need for
hazardous chemical§he fabricatiorpropertiesand characteristics arstill unknown
Therefor, thepurpose of this project is to develop a series of huats to characterize the
currentvoltage relationship of the chip. Furthmaore, the thermal property of the chip is to be
deducedfrom the FV characteristics.

Atom chips fabricated with photolithograpk have been characterized bkingcapable
of holdingcurrent densities of up td0” A/ cn’. Forthis project, it is expected thathe wire on
the atom chip can hold a current ap to 5 A After several iterations between chip prototyping
and chip characterizing, the current capacity is expected to inerglasvly as theroject
progressesAtesting apparatuss built for the project to test the electrical properties the
micro-wires on the chip. A constant current power source was used as an input, and the signals
are observed on the oscilloscope. Byabzing the data from the signal, several time constants
were determined on the electrical response of the system, and on the heating curve.

The project is intended to provide an idea of how much current atom chips created
using Fs laser fabrication carpgwrt, and possibly come up with a mathematical model to
predict how thetemperaturechanges of the wire can affect the current sustainability. This
result will become a guide for future chip desighke testing apparatus is intended to make the
characteization process easier arile documentation of the procedures on how to use the
measurement devices will allow easier data replications.
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1.0 Background and Motivation

Atom Chipserve as a tool for thenanipulation ofcoldatoms using carefully designed
magnetic fieldsreated by currentarrying micrewireson planar chp structures Atom Chips
have beenan active area afesearch irrecent yearsOne aim is to apply Atom Chips to
guantum information processing\tom Chips have the potential to integrate storage,
manipulation, and control of ultrgold atoms and quantum degenerate gasésm chipsare
sub-mm microstructures capable of having an extremely highreat density on the orders of
10’ A/ cnf. [1] This allows the design of powerful magnetic fields above the planar chip surface
whichcanallow the confinement of atoms with a magnetipdie moment.

Currently, aton chips are fabricated by the traditional method of photolithography. This
method uses substrate (commonli, orsapphire)and gold as the conducting layer.this
work, Siis the substrate with a Sinhsulating layer thaprevents current leakage ouff the
wires through the substratéAs an example, gamicrochipfabricated in the Heidelberg
University in Germankas an area of 2530 mnt. The thickness of the conducting layer is
between 1 to 5um, and the width of the conducting witan takevalues of 2, 5, 10, 50, and 100
pm. The thickness of the insulating layer is between 20 to 500Aacording to their research, it
wasT2dzy R KIFG G@6ARSNI gANB&a KSIFG dzLJ FFLaaGSN GKIEYy Yyl

Heat is ecritical issue that diermines the success or failure othip. If the chip heat
up faser than it dissipates heat, the wirmay fail and damage the chip. Therefore, tHesign
of the chiphas tobe oriented towardsheatreduction The substrate of the chip also acts as a
heat shk that cools down the conducting wires. The conductance of the insulation layers has to
be as high as possible to transfer heat from the wires to the substrate. The resistance of the
wires is to be reduced in any possible ways to lower the palissipaton and thus the heat
generatal.

Other possible choiceof thechip material havéeenused in the pastSapphiréhas
been successfully used for Atom Chip fabricatidowever, Shas better surface, and adhesion
gualities.In addition,Si can be manufactad with almost perfect surface smoothness.

1.1 Photolithography

Photolithography is the most popular modern technology fdegrated Circuit
fabrications. It serveasthe best combination ofjuality and economigalues makingit a
widely usedprocessn both industry and lakenvironmens.

Photolithography normally uses silicon as the substratphotomask is prepared with
a circuit pattern etched with a laser. This phet@sk is then used to expose Wght on the
substrate that is coated with photesist. Then the photeresist isprocessedn the etching
solution and the pattern on the photmask is transferred onto the photesist.



Although the method of photolithography is commonhds its limitationsThe
resolution of photolithography isrhited from 10 to 100 nm due to the diffraction of UV wave
that travek though the photemask. The photanask is usually a transparent glass vtith
desired patterns on it. Since the glass hakfferent refractive index comparckto air, the path
of UV isslightly altered. Thiblursthe image on e edge of the patterns anckeates resolution
limit.

——
cover with resist \ l l l lUV

/ U
lithography
PR
evaporation

S i

Figure 11: Lithographical Atom Chip Fabrication Process

http://acgp.physi.uniheidelberg.de/8]

1.2 Femtosecond Laser Ablation

With the continual diminisimg size of electronic devices, traditional mechanical
processes such as milling atdlling have reached a limitation in miniaturization. The
Femtosecond (Fs, 1) laser is an ultrshort pulsed laser. The Fs laser is known to be able to
preciselyabla S a2t AR YFGSNAIf &YX 6A0GK GKS | OOdzN» Oé | yR
wavelength [7] Thel NIi Mladettidh andl cutting of planar silicon devices using femtosecond
fFrasSNI LldzZ aSa¢ FTNRBY [ I a8 oerview glhe\dincides of nfagesta® S NJ LINE @A R
ablation of Fs lasers.

front side

Figure 1.2Femtosecond Laser cut of 18t thick Silicor7]



Figure 1.3Silicon Structuring with Fs lag@}

The primaryapplicationof the Fs laser in this projecttis ablatethe surface conducting
materialof the atom chip in order to build circuit3his is an innovative approach over
traditional Lithography and surface morphological characterization is required. A goal of the
project is to test tke limits of the ablation abilitiesf the Fs laser availabin theChem/ Physics
Building of UBCThe above igure1.2shows the front and rear sides of a silicon ablated with the
Fs laser at different polarizatiomhe lowerHgure 1.3shows some of the possibilities of Fs laser
structuring on silicon.

The Fertosecond (Fs) laser is able to ablate materials accurately and efficiently. Atom
Chips have seen great success with standard lithography capable of high current densities of
greater thanl0’ A /cnf, voltages of greater than 300 V, and fabrication resotutibless than
>YP oy6 |1 26SOSNE GKS Cca& GSOKyAljdzS 2FFSNAR G(KS IR
steps necessary to create a prototype Atom Chip and eliminating the need for hazardous
chemicals. The whole Fs laser technique is comparable to the first sidmigraphy, but
directly cutting the conducting layer on the substrate rather than passively cutting the photo
mask and then transferring the photnask pattern on the photeesist on the substrate.

By combining the merits of the Atom Chip with the stafethe-art microfabrication
LINPOS&aa 2F Cca flFasSNIFoflrdA2yY GKS LINRP2SO0Qa FAY
main motivation of this project is the eventual patterning of the Atom Chip using the Fs laser
such that a Magnetic Quadruple Trean be formed close to the surface of the Atom Chip. The
high current density requirement for the atom trap is unmanageable for regular PCBs. Although,
the actual construction of the atom trap is beyond the scope of this project, this project will lay
the foundation and provide the necessary technical preparations of Atom Chip microfabrication
using Fs laser.

1.3 Motivation: Atom Chip as anAtom Trap

For experimental purposes, it is necessargaafine the atoms within a small volume.
This can be achievday cooling the atoms and then using a magnetic quadruple field to trap the
atoms. The Wrap and Zrap wire configurations and magnetic fields are illustrated in figure



1.4. The micrewires require a current of up to 5 A to create a field large enougtotdine the
atoms.

Single wire:
Side guide

U-current:
3D Quadrupole

IB(x)l.—

Z-currnet:
loffe-Pritchard trap

Figure 1.4: Magnetic Trapping Potential
http://acgp.physi.uniheidelberg.de/8]



2.0 Discussion

The Project objective is to characterize a set three experimental &ftips that were
manufactured by the project sponsor. By proviglidetailed documentations on the methods
and testing protocols, this report is intended to provide the necessary technical background for
those carrying forth this project. This project is still in the experimental stage where the
prototype chips are chaderized. By discussing the results of the characterizations, this report
can assist in the design of future chips.

2. 1 Project Objectives

The project portions involving the characterizations of the chips will be the
responsibility of the APSC 479 studgnbup, while the chip prototyping worfincluding Fs laser
instrumentationsyelies2 Y 5 NJX YA NJ 2 o greupdRthedQuahtQra Deydderadel NJO K
Gases (QDG) Lanainly Dr. James Booth and Dr. Bruce G. Klapp&effollowing is a list adhe
sub-objectives:

The surface patterns should be characterized by the White Light Interferometer, the
Scanning Electron Microscope, and the Profilometer. The dimensions of the wire are to be
measured and crossompared to determine the desired width. Any additiosatface
information picked up during the characterization process is helpful to guide the fabrication
process.

Since the gold layer is neadhesive to the solders, a special device should be
constructed to connect the wire with other devices. The devinekide constant current
source, oscilloscope, function generators, and multimeters. The measurement should reveal the
heating characteristic of the wires as well as their time constants. The data will be analyzed in
Matlab.

Thetechnique for charactering the currentcarrying capacity of the micreires must
be devisedA routine procedure should be designedmieasurethe currentvoltage relationship
and the thermal propertiesf the micro-wire. This pocedure shouldnclude a simple and
reproducible mainting and removal method for the Atom Chips in the testing apparatus.

The testing of the-V characteristicwvill requirea pulsedcurrent power supplyather
than a constant current sourcéccording tahe researchpaper[1], the safety limitof a current
LJdzf & S A &s.HorNkR thsfiity innhis project, current pulses of up to 500 ms long have
been usedand even constant currents have been used.

All the measurement procedures involving the use of the White Light Interferometer,
the SEM, the ProbBimeter and the testing bench are to be clearly documented in detail for the
groups that will continue this project. Also, testing protocols on tiecharacteristics should
also be described and recorded so that the next group can repeat the measurement.



2.2 Technical Background

Thissectionwill describesome of the technical background pertaining to the three
prototype atom chips that were manufactured by the sponsor. Informatinrihe material of
the chip, the general dimensions, and some notes dumgufacturing are included. Some
basic calculations based on the material properties of the chip will also be performed. In
addition, the technicalities of the contact connection with the wire pads of the chips will be
discussed.

2.2.1 Prototype Chip Det ails

The three prototype chips will be referred to @sips1, 2, and 3 in this report. Some
manufacturing note provided by the sponsor is that the chips are placed on a computer
controlled stage and are moved under a stationary Femtosecond laser to déidaseirface
pattern. Someof the ablation was carried out with highpower output from the laser while
other cuts were made with a lower power output but ablated back and forth several times.

Thethree prototype atom chips that were manufactureate haf inch square in area
YR INB nompé KA O] donth&dBipshhe suishatdiuseNBRQ Y I A y
covered by a thin adhesion layer of chromium followed lepaducting0.1 pmthick layer of
gold. The gold is coveradgith an unknown thicknessf protective magnesium fluoride.

There are three straight wires ablated on the chginga Femtosecondaserand there
are padson both sidefor making the external connectionBigure 2.lshowsan overview photo
of the chip andrigure 2.2below shove the wire pattern on the surface of the chiphe length of
the wires are 4.8 mm ande intended width of the three wires in the figure are arranged from
left to right 200 um, 100 pm, and 50 pum.

Figure 2.1: Overview of the Chjfhalf inch square inraa

f
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Figure 2.2Chip Surface Wire Pattern

Forthis report,the collected data and analysis are on the individuiags on the chip. Due to

time constraints, not all the wires on every chip were tested with all the testing protocols. The
analysis will redr to the specific wires by the chip numberqB) and the intended width for the
wire. The intended width is the width which was desired / programmed during the
manufacturing process of the chipnless specified, any reference to width in this repothes
intended width.

Some chip specific information is listed he@hip 1 is considered the bad chip because
that is firstprototype chip that was manufactured. The sponsor has mentioned that one of the
micro-wireson chip 1 is a double wilgecause he w&s unsure whether the wire is cut, so that
the particular wire was ablated again using a lower energy output from the laser. Chip 2 and
chip 3 are considered the good wires, but one wire on chip 3 is also ablated twice.

The intended widths in um for thdatee chips are listed here.

Chipl |50 20 10
Chip2 | 200 100 50
Chip3 |50 20 10

Tablel: Micro-wiresIntended / Programmed Widths

2.2.2 Resistance Calculations based on Gold Properties

Since themicro-wireson the atom chips areaenposed of gold, some preliminary
calculations can be performed to calculate tlesistance values of the wires. Anothe
calculation is to calculate what resistance thero-wireswill become when the wire is heated
to 100°C. The sponsor has mentioned thiae electrical IV testing should stay below 100

Property Value

Resistivityd = 0 2.44 x 10 Km




Linear coefficient of resistivitp h 0 0.0034

Mass density of gold 19.3 x 16kg/m®
Specific heat capacity of gold 0.1291 kJ/kg K
Table2: Properties of Gold

_ (‘}X ”

-9

Equationl: Wire Electrical Resistance
YUY = YY) (L+ 1YY

Equation2: Linear Electrical Resistance change with Temperature Change

Resistancg = Resistivityl(ength / Area
Resistancgo= Resistancgg (1+ Linear Resistivity Coefficient (0@ 20°C))
Mass = Density (Area) (Length)

Area = (Width) (Wire Thickness = 0.1 X ()
Length %4.8 x 10 m

Wire Width Ry (20°C) R0 (10°C) Wire Mass
(um) “K8 “KB (kg)

10 117.12 148.98 9.26E11
20 58.56 74.49 1.85E10
50 23.42 29.80 4.63E10
100 11.71 14.90 9.26E10
200 5.86 7.45 1.85E09

Table3: Resistance of thklicro-wiresbased on Gold Properties

2.2.3 Four Point Contact Measurement

The contact between the measuring dexiand the wire of the chip is suspected to
possessa large resistance&Connection pads were designed on the chip for making the electrical
connection between the wire anelxternal electrical instrumas. When measuring the voltage,
it would appearas if the contact resistance and the wire resistance are connected in series, thus
the measured current will be lower than the actual current. To fix this problem, a contact trick
called four point contact masurement is adopted into the design.
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Figure 2.3: Four Point Contact Measurements

In order to determine the resistance of the Atom Chip wire, a current is applied through
the micro-wire and the voltage is measured. Theistance of thamicro-wire is denoted by Rm
in the figure, and it is the resistanoé interest In the normal measurement case, the two
contact leads which also have their own resistances, denoted by Rcl and Rc2, are also
incorporated within the measureménThese values willffectthe measuredresistance of the
micro-wire. In the case of the 4 point Contact measurement, the contact resistance Rc3 and Rc4
and R1 and R2 are introduced. R1 and R2 are the resistance of the area pad, and they should be
small die to resistance being inversely proportional to area. R3 and R4 are the contact
resistance from the leads of the voltage measurement device. However, now the voltage drop
across Rc3 and Rc4 are relatively little because of the high impedance of the imgal&wice
and the connection is parallel rather than in series (very low current across Rc3 and Rc4). The
voltage measured from this case is mostly contributed by the voltage drop from the resistance
of the micro-wire.

2.3 Theory
In the fabrication and dracterization processes of ttedom dips, the key theories are:
Heat Transfer, and Fs Laser Ablation.

2.3.1 Atom Chip Heat Transfer Theory

As mentioned heat dissipation is the major factor that decides the success ordaifu
the microfabricated atomchip. If too much heat is generated by the wire in a short period of
time, the heat may not beissipated quickly enougind cause damage to theires. Therefore,
careful analysisf heat dissipation is crucial to the project. The only source of heatrgéina is
by the power consumption of the conducting wire due to its own resistance. The power
consumption is calculated by the equation below.
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Equation3: General Power Consumption

Resistance (R) is a functionteimperature (T)andpower @) is a function of Rin the equation

aboved L ¢ NBLINBASKWUR GKE DANNEBFGEIR SN RAAAALI GAZ2Y A
temperature increases, the resistance of the wire also increases. Therefore, the power

dissipation is at a constantvalue but a function of timeThe generated heat is the integral of

the power with respect to time.

The heat transfer can be separated into two steps: heat transfer from the conducting
layer to the substrate through the insulating layandthe temperature increase of the
substrate due to heat transfer. The first process happens almost instantaneously at araisnd 1
This time scale is give by the equation below:

Trt=Ch ! (k—hj* ap)

Equationd: Time Constant of Heat Flow from Wik Substrate through Insulator [1]

G is the heat capacity of the wire, h is the height of the wire, k is the thermal conductance of
the substratethrough the insulation layer, j is the current densigy, is the linear scalip factor
of the resistivity,and r is the resistivity. The following equation estimates the temperature

difference between the conducting layer and the substrdtehe temperature difference is too
large, the excess heat will damage ttt@p even before it can be transferred to the substrate.

hpj’

ATAr) = -
f() k—hjiap

(1 — g_f:‘_fast)

Equation5: Temperature Difference between Wire and Substrate [1]
The temperature rise of the substrate is calculated by the equation below:
| \ oplj . (4T
~ In
2N\

~ 2
. Cw* )

AT (1) = hwpj EF( 0 Cw? )

27\ "4\t
Equation6: Temperature Change of Substrate [1]

The new variable tte&eat conductivity. In this process, heat is transferred to the substrate
due to the temperature difference built up in the previcstep. In the equation, one caee

that the temperature rise of the substrate is ndinearinversely proportionalith the width of
the wire. This means, if the wire is wider the temperature rise of the substrate is lower.
Therefore, less heat is absorbed by the substrate and the temperature of the wire is higher.
Mean while, if the wire is narrower, the temperatuoé the substrate will increase more. As a
result, more heat is absorbed by the substrate and the temperature of the wire is lower.

From the equations, one caeethat there is a tradeoff on the width of the wit@nd
heat dissipation|f the wire is widerthe resistance of the wire is lower ahekss heat is
generated. Howeverthe heat transfer islsoslower which meanthat it is harder to cool down.
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On the other hand, if the wire is narrower, the resistaraf the wire is higher andhore heat is
generaed. However the heat is transferred faster to the substraléhe experimentaldata from

this project can help finding the optimum wire dimensions. The temperature data may be fitted
against the equations shown within this section.

2.3.2 Time constant of W ire

Similar to capacitors, resistors have the ability to hold charffes abilityfor resistors
to hold charges is not as strong asapacitor.Therefore, the capacitance on a manufactured
resistor is safely negligible. However, the laser ablated wiesdmve a certain amount of
capacitance because the pads at the end are large in dimension in comparison with the wire in
between. Therefore, the pahave a lower resistance while the wire has a relatively higher
resistance. The resistance differercauesthe wireto act like an open circuit to accumulate
charges on one end of the pad. In theory, an RC circuit is connected below.

o
Vo =& =V )+ Vg ()

0/ @ /\\/\, Vo o
“apacitor
C]:]r)nging 1‘; (t): CE (lfe’”r)
+ E + N Q

Wb o W

_? -

Voltage

time

Figure 24: RC circuit and its Response

(Left imaye) http://www.buchananl.net/rc.qif

(Right imagelttp://www.ac.wwu.edu/~vawter/PhysicsNet/Topics/BC
Current/gifs/Circuits50.gif

The voltage response of the resistor and the capads shown in the figure on the right. The
equation of the charging curve is

Vel(t) =V (1 _ E—ﬁf}?{})

Equation7: Charging of an RC Circuit

While the equation for the dischargirogirveis
—t/ RO
Va(t) = Ve 11RC

Equation8: Discharge of an®circuit

The time constant is the value of the resistance multiplied by the capacitance. It can be
calculated easily if both the resistance and the capacitance values are known. From the equation,
it is clear that if the capacitance is kepbnstant,the resistanceds proportional tothe time
constant. This mearthat it takes longer for the system to charge up if the resistance is high. For
an RC circuit, the powémput has to lastonger than the time constant to turn on the system.

This will set a mimium pulse width when testing the wires on the prototype chip.

11
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3.0 White Light Interferometer + Scanning Electron Microscope

Sinceusing femtoseconthser ablatiordirectly on a gold surfads a new IC fabrication
process it is useful to know the surfageoperty of the chipThis informationwill help guidethe
future fabrication procesby providing calibration knowledge for the fabrication equipmeirs
order to characterize the prototype atom clsfpurface,the two optical basedequipmensare
used:Scanning Electron Microscope, and White Light Interferomdteis section will describe
some of the measurements attained from each of these instruments and make a comparison
between the two.

3.1 White Light Interferometer

The White Light Interferometeis located irthe ICICS building at room X027; contact
information is in the appendixX his equipment utilizes the wavelength of the white light to
measurethe patterns on a surfac&he surface of the sample has to be reflective for the
equipment to work The light is sent through two optical paths, with one being the reference
and the other will bounce off the sample. When the two paths recombime difference in
physical distance will cause a difference in optical phaseingerpatternis thenformed based
on the optical phase differena@ndan image can be formed. The Wyko NT1100 white light
interferometer has a vertical measurement range from 0.1 nm to 1 mm and a vertical resolution
of less than one A

Thetrainingfor the Wykotakes about two hots. A brief description of the
measurement process is documented here; the detailed testing protocol is in the appendix.
Before loadindhe chip onto the platformthe platform needs to be loweredOnce the sample
is loaded, the platform can be slowly ¢ift to get a clear image. The intensity of the graph also
needs to be adjusted. The platform can be tiltedyenerateeither a vertical or horizontal
pattern of interferenceringes This procss is repeated several times urditlear images
formed. Fram the software, a crossection profile graph is generated as 8y the X profile is
of interest. A tool on the software can help measure the widths from the profile graph.

V! Vision - [Dataset:2D Analysis]
Wi File Edit Hadwae Analysie Oufput Database Optins Widw el

D|2(@| @l|la D | #5E] == o] @wdislAs e B 5w ?

Veeco

X Profile

003 um
0.02 um
015 um
011 um
0.04 um

!

2

:

1
{
/
"ﬂd

584 wad
015 m
E| Tems Moo
and \ - AvgHt 000 um
20,03 un2

{

&
g
ET

Y Profile

0.00 um
0.00 um
0.01 um
<001 um
-0.02 um

;

=

] AN ,ﬂv’“\
[ AT
] o WY A

=
=0
E r

5516 wrad
A \ 0nm
et [ W Tems _ None

i

001 um
122 um2

FE

Figure 3.1White Light Interferometer Cross section profile graph
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From the X pofile above, it is shown that there are slight bumps on the edge of the cuts. These
are speculated to be caused from the laser ablation process in which the etched away gold is
building up at these edges. The data for thiee widths measurementsrelisted below.

Measured MicreWire Widths (um) Programmed Widths (um)
Chip1 52.5775 | 20.0074 | 9.3058 14.4239 | 50 20 10
Chip2 46.994 93.0576 | 192.9084 50 100 200
Chip3 46.9941 | 19.0768 | 6.0487 50 20 10

Tabled: White Light InterferometeData: Measurévliicro-wire Widths

Thesemeasuredwidthsabove can beompared to theprogrammed intended widths during

the manufacturing processn order b comparethem, the measuredwidths are plotted against
the programmed widtk. The plot is generatkby taking 5 data points from chipand chig3
which are considered as the good chighip3 has a wire which was cut twice by the laser and
its width is 6.0487um which isity 60% of the programmed width (when the cut is wider, the
wire which is betwer the cuts, is thinner).

Actual Width (um)

Curve Fitting of 5 Good Data Points

200 F

180

160

140

120 +

100

80|

60|

af

20

y2 vs. ¥2 5 Data Points ||

—fit 4

1
100

1 1 1 1 1
120 140 160 180 200

Programmed Width (um)

Figure 3.2Plot of the Measured Width vs. the Intended Programmed Width

Thefit is as follows:

Linear model Poly1:

Goodness of fit:

f(x) = p1*x + p2

Coefficients (with 95% confidence bounds):

pl=
p2 =

1.002 (0.05693, 1.947)
-2.684 {32.58, 27.21)

SSE: 4.796

R-square: 0.9945
Adjusted Rsquare: 0.989
RMSE: 2.19
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The slope is almost unity which indicates that therement rate between intended
width and the measured width is the sankhis means, if the laser cut one wire accurately, the
rest of the wires will also be in accordance with the programmed width as long as the laser uses
the same settingas before. The interg# of the fit is-2.684 um. This is a possible indication of
badklashduring the movemenbof the laser platform. This fit information can be used to
calibrate the platform for future laser ablation processes.

In addition to width information, the white light interferometer can provideetsurface
images of the chipThese images can be compared to one another to determine the quality of
the wires. If the edge and surface properties of a wire are satisfactory, its settings during
manufacturing can be focused on and refined based on these information.
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Figure 33: White Light Interferometer Image for the Chip Surface

The green region between the orange lines indicates the wire which is gf3sh the ¥ chip.
The orange lines indicate the laser ablaticenches The black area in the middle of thench

is indicatinga large depth which ige resultfrom overpowered laser ablation. The substrate is
damaged which causes the surface to be-neftective, and thus dark in theolourimage. The
image on the left is interpreted by the software and tfight is the actuaimage.

Figure 3.4White Light Interferometer Image of the Double Wire
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The image above showise thin wire on Chip 3As mentioned aboviethe black color indicates
damaged norreflective substrate underneath the gold. The dark blue region in between th
light blue lines represents theire. According to thesponsorwho made the chip, this ine was
cut twice by the laser whicls why the wire is much narrower than the desired width.

3.2 Scanning Electron Microscope

The scanning electron microscope isdtedRoom 45 othe basementin the EOS
building It can be rented for $ 3per hour and the contact person is Dr. Mati Raudsepp.
Additionalcontact nformation on the SEM will be provided in the Appendix.

The SEM has a vacuum chamber for the samptkan electron gun that shoot@high
energy beam of electrons veard the sample. The electrons bounce th# surfaceatoms of the
sample to generate signals that contain the sagfdopological informationlt is then picked up
by either anX raydetectoror a back scatter detectdnside the chamber.

Before putting sampkeinside the SEMhey haveto be treated witha carbon past to
make the sample surface conductive. This will drain the electrons away from the surface of the
sample{ A Yy OS { K Srfacelis jdldf aSc&don gaste sticker can be placed below the chip
and four strips of carbon paste can be used to thnksticker to the top gold layeltf electrons
accumulate on the sample surface, it will blur the imdgehe SEM images, the whitereas
are indication of electron accumulation.

Since the chamber of SEM is always kept at vacuum condition, pressure has to be
increased before the sample can be put in. Once the chamber is opened, the platform of the
holder has to be adjusted to the righbsition so that the sample does not interfere with the
detector. The software that controls the SEM is installed on the computer next to it. Detailed
procedure of using the SEM can be found in the Appendix.

SEMmagesweretaken on the firstchip, whichisalso known as the bad chipo figure
out the length scaleon the imageinformation onthe width of the wireneeds to be utilized
Knowing the width of the wire in each picture, one can draw a line that connects the left and
right edgeof the gold wire This line is shifted to start from tHeft sideof the image and is
copied and pasted to increase the length of the wire until it reachesigie sideof the graph.
This gives an estimation of the width of the picture. Then the width of the pictutieited by
the number of pixels in the grapb give an estimation of length pgixel.

15
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Figure 3: SEM Image of the Double Wire

The image is divided into smaller portions featuring the wire ablation edges for analysis. The
analysis is done with Matlalfrirst, the direction pixels are separated into regions by inspecting
columns of the image. The separation process is carried out by the following lines of code:

image = rgh2gray(imread('20UM.jpg" %% load the image and convetinto a matrix of

numbers.

imshow(image(1: 1936,LBOUND:RBOUND)Y% show the image column and adjust the pixels.
imagel = image(1:1936,LBOUND:RBOUNDYs transfer part of image into imagel.

Thisprocesds repeateduntil the data to be analyzed is picked out. The following foantions
were picked out featuring the ablation edges.

Using the code attached in appendix and the isolated data shown above, the mean and
the variance of the edge of the cut is estimated below. The units are all in micrometers (um).
The mean values stigrfrom the left edge of the graph.

On the first chip, there are two sets of wire that were cut next to each other by the
laser. The original goal was to make gubdwide wire. However, during the ablation process, it
Ad adza LSOOG SR (@ thidugh tkeQold ldyer. I erefark, khy @pératoddecided to
repeat the process again with a lower power rating of the laser. However, once observed by the
{9ax Al 6la&a F2dzyR GKIG GKS fFaSNI RARyQi Odzi GKS
pUm away.The interesting observation feat the edge cut at lower power is much smoother
than the edge cut at normal power.
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(a) Snooth, Low Power (b) Rough, Normal Power
Figure 36: SEM Image of Edge Roughness

The left one on top is smoother whileghight one on top is rustier, and it can beownby the
followinganalysis in Matlab.

Left Wirelmage (Smooth)

1%'Left Edge | 1%'Right Edge| 2" Left Edge | 2" Right Edge

Mean 7.1341 13.319 27.624 34.123

Standard Deviatior;  0.30873 0.13093 0.17833 0.1823

Table5: White Light Interferometer Datavlean & Deviation of Smooth Edges
Right Wirelmage (Rough)

1% Left Edge | 1%'Right Edge| 2™ Left Edge | 2" Right Edge

Mean 28.671 39.968 49.286 59.751

Standard Deviatior;  0.28344 0.44794 0.39991 0.34422

Table6: White Light Interferometer Datdvlean & Deviation of Rough Edges
Bythis datg the width of theleft wire is

Width = Mean of ¥ Left Edge; Mean of1% RightEdge = 27.624 13.319 =14.305um

andthe width of theright wire is 9.318im wide. The valugarein agreement with the value
achieved from the White Light Interferometahichwere 14.4239 um and 9.3058 pithe
standard deviation values in the right wire are larger than the values in the lefiwhiieh
indicates that the cut on the right is moreughthan the left cut.

¢tKS NBIlIazy ¢gKeé GKS FTANRBRG OKALI A& OIFffSR (KS
through the gold layer in some parts. The image below shows an example of a bad cut that
featuresthe pad on the end of one wire. The laser cut is black in color and the other areas

represent the gold. The black line is broken at the bottom right part of the graph and is
discontinuous on the bottom left area on the graph.
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Figure 37: SEMImage® / KAL) mQa [/ 2yySOiUAz2y t |

From the SEM image, one could see that the MgF layer on top of the gold is shattered on the
edge of the cut. Since thmage is produced by electrons bounciffithe sample€ @oms,

different atomswould produce different signalstrength thatare nterpreted as different cola

in the picture. The color on the area is generally gray except on the edges because the gold layer
on the edge is exposed to the detector. Materials of higher conductivity usually result in a
brighter cola while nonrconductive materials are darker. This explains why the black line
represents the laser ablation. It is because the, E&yerunderneath the gold layds non

conductive.

Figure 3.8SEM Image of Stopped Cut on Connection Pad
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4.0 Profilomet er

In order to observe the surface characteristics of the prototype chips, the Profilometer
was used. The Profilometer is located at the Nanofabrication Facility on the fourth floor of
AMPEL at UBC. The particular Profilometer that was used is the mgvyalbbe Profilometer. It
is an instrument designed to measure the surface profile by running a stylus across the surface
of the sample and measuring the vertical movements of the probe. The vertical resolution of the
device is in the nanometres.

‘ Screen

oo
) |

Movement
Control

Figure 4.1: Profilometer at AMPEL clean room

Since the facility is a clean room laboratory, the experiment was carried out under the
guidance of Dr. Alina Kulpa. A brief description of the testing protocol is documented here.
Before placing the sample ohé testing platform, make sure the wafer is removed from the
platform. When placing the chip on the platform, make sure the wire is aligned towards the
RSOAOS adzOK (KIF{ GKS RANBOGA2Z2Y 2F GKS &adef dza LINE
wire (Figure 4.2)This will allow the stylus probe to run across the wire during its measurement
and provide data on the depth profile of the cross section across the wire. After placing the chip
onto the platform, the stylus tip needs to be zeroed by lowetimgtip to just barely touch the
OKALIQA &dz2NFIF OS® hyOS GKS Y2@0SYSyid aSadiAiay3aa I NB S
measure the depth.
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Figure 4.3: Depth profile Measurement: Chip@um
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result is shown above in figure 4.Brom the image, one could see that each division is 200um
wide with 25 dots. The distance between the two parabolic curves is

aldivisiongd 100m §
27.5dots? ae—caidi ——O0—
¢ 25dots -¢ldivision+

110 um, which agrees with the intended width of 100
pm. The two parabolieshapedpeakscan beinterpreted as the laser caton the chip. However,
this graph shows that the bottom of the cuts is parabditg resembleshe tip of thestylus
probe.It suggests thatie stylusdoes not reach athe way to the bottom of the trench,
becausdt is blockedby the edge of the trench as it is loweringfidth readings from the white
light interferometer hae suggested that the trenches to ber side of this wire are 14.39m
and 15.13um. According to DrKulpa the radiusof the stylus tipis 125 pum. Since the stylus
does not reach the bottom of the cut, the depth of each cut is still unknown.

The image below is anlarged image which foses mainly on theight cut. The cut is
shown to be20 um wide which does not agree with the result from the white light

interferometer. This difference in value is proliylaused by the size of the styludthough the
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width may be less accurate, theimps on the edges dprovide valuable information. Since the
laser ablate the gold surface binstantaneoushheating upthe region the edge of the cut may
not be smooth from the piling of thgoldmolecules that aretched awayAlthough the stylus
could Qi 32 A tfeinch, it Gak &ted alzd surface roughness on top affithe gold layer
Even though the depth information is not very convincing, it is still useful for comparison
especially the width information of the trench.
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Figure 4.4: Deptprofile Measurement: Chip 2 100um
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5.0 I-V Characterization

This section of the report discusses the electrical characterization aohiti®-wireson
the prototype atom chips. The subject of interest is how the width affects the resistance. Since
this prgect is just one of the many preliminary steps in building an atom trap using atom chips,
there is also an implication to test the limits of these prototype chips. Limits such as the amount
of current that can be passed into the wire, and the heating ¢ffédtat may occur when
reaching such limits are addressed in this section.

5.1 Preliminary Testing at the Mina Lab

Before plunging straight in designing and building an original apparatus to gevthe |
characteristics of the atom chips, the APSC 479 glmoied to the expertise of DMario
Beaudoin who is knowledgeahddout the testing equipments used throughout the UBC
campus] S NBO2YYSyYyR&a (GKS OKALI 4SadAy3a SldzA LISy
was written on the data collected at Mina, @it is attached in the appendix.

5.2 Final Testing Apparatus Design

The key objective of the testing apparatus is to provide a stabilization bench for the
prototype atom chips while allowingccessible external electrical connections to the wires on
the chip. Some design requirements are to allow for the variable physical dimensions of the

Ay

OKALA O6mMkHéE (2 wHeéE Ay SyaakKox (G2 Ftt2é F2NI GKS

switching between the testing wires, and to providelicate electrial connections with the
pads of the testing wires.

There is an apparatus from the Microsystems and Nanotechnology (Mina) lab in the
Kaiser Building of UBC that is used by the Mina group to test the chips that they fabFivaite.
apparatus is shown in figes 5.1 &5.2 below.

Figure 5.1 & 5.2: Mina Lab Chip Testing Apparatus

The Mina Lab apparatus consists of thregxtranslation stages. The center stage is for the
sample where there is a camera attached to a microscope to help position the sample. Th
other two stages are to position the actuating spring loading pins that are responsible for
making the electrical connections to the sample. These pins are subsequently connected to a
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function generation, and a programmable digital multimeter for recogdihe Vv data of the
sample chipThe specific equipments are the Keithley 2602 System Sourcemeter and the
Signatone SH pins.

With the permission of Dr. Lukas Chrosski, the manager of the lab, some preliminary
testing of the three prototype atorthips was performed by the visiting / post doc student Mark
Greenberg at the Mina Lab. The discussions and results from these measurements are
documented in the next section.

After discussg the results of the preliminary testing from the Mibab with theproject
sponsors, they noted some of the limitations. The most notable limitations are that the test
performed at Mina uses a twpoint contact technique and that the maximum current input
from the function generation is programmed to 100 mA. A fpant contact technique is
strongly advised by the project sponsor and they would also like to test the limits of the chip
with higher currents that 100 mA. In order to incorporate the f@aint contact technique and
more flexible input signals for theM chaacterization, a testing apparatus needs to be designed
and built.

By adopting the design of the Mina chip testing apparatws, translation stages from
0 KS &LJ2y a2 NXTaesd tlardslation: stddes aperadeRvith a range ofi8 in the three
principle directions. The translation operates with a power screw using three separate
micrometeis which allowfor fine control wherthe probeis approachinghe wire connection
pads on the atorrchip. Instead of designing the probes like the pins used in Minaxéraarm
structure on top of the translation stage designed by making use of some existing clamps and
support rods.The probing pin is then mounted on the rod that is reaching dbwiocking a
small piece of PCB between two nutéie notable featuref the armstructureis that the reach
is adjustable in two direction®ne direction for loweringz)and one direction for moving
towards(y). The purpose of this reach is to coarsely approach the wire connection pads on the
chipwhile themicrometers d the translation stage accommodatiee finer approach. It is also a
precaution of protecting the chip because approaching withrtiierometers can allow the
probe to just touch the surface dtie connection pad and reduce the possibility of scratching
the surface Another notable feature is that the twsupport rods can rotate. Once the probing
pins arealigned §hown later), further rotations may not be desirablene extra clamp at the
middle is added becausghen the two black screws are loosshfor moving the armthe
structure will not rotate.
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Figure 5.3: Testing Apparati&anufactured for the Project
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Figure 5.4: Testing Apparatus Top View

The probing pins ardesigned bysecurelyplacing a piece of four right angled male
connector pinsonto a piece of PCHven though only two of these male connector pins are
needed, the extra pins provide support on the PEBom the back of the PCB, two long wires
are soldered on two male connector pins in the middibese wires are faxternal electrical
instruments to connect to the probes. At the other end of these two male connection pins, two
wires bended into a hook are used as the probe stylus. The hook design allows for slight
deflections ast is being lowered onto the chip viitthe micrometer. Not only does the
deflection protect the surface of the chip, but the elastic natafehis desigrwill allow a larger
contact area between the tip and the chip wire pad. This hook style tip is much easier to form an
electrical connectin then a stiff tip.
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Figure 5.5: Testing Apparatus Probing Pins

5.3 Experimental Equipment

Besides the testing apparatus described in the previous section, the electrical testing of
the prototype chips also requisghe following: an scilloscope, a cuent source, a set of
current triggering instrumergand a multimeter.

The oscilloscope is the Tektronix TDS 2004. It has four channels and is cépable
sampling the signals up &0 MHz.The data from the oscilloscope can be uploaded onto a
computer foranalysis. The oscilloscope uses the2B& serial port and a RZ32 to USB
connector is required to make the connection. By installing the software fhenCD in the
oscilloscope package, the oscilloscope screen images and waveform data can be retifeved w
the Tektronix OpenChoice Desktop application.

The current source used is the Laser Diode Controller (LDC500). The LDC500 can either
be used as a constant currerdigce or it can be pulsed witiggering instrumens. The
triggering instrumeng and the current source will be described in further details. The
multimeter is mostly used for reading the resistaneasl checking the connections and most
typical multimeter will suffice. One of the multimeters used is the FLUKE 79 Series Il Multimeter.
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5.3.1 Current Triggering Instrument s

The currentriggering instruments consisif the BK Precision 4011A 5MZ Function
Generator and the Interstate Electronics Corporation (IEC) F33 Function Genéhat@K
Precision function is $¢o send long square waves the lowest frequency of 0.4 HEhis is
shown as the orange wave in the diagram bel@ve output ofthis low frequencywaveis then
used to trigger the F33 Function Generator. It is set up such that the rising edge of the long
square wave will triggea pulse on the F33 Functiore@erator.The output of the F33 Function
Generator is the blue wave in the diagram bel®Mith this setup, it is possible to generate a
pulse with a width of 5 us. However the smallest width taken for the data analysis wes/A0
keygoal for setting up the system like this is to separate the time length between each pulse.
The intention of having such lengthy intervals between pulses is to make sure there is ample
time for the system to cool down after the heating effect sad by the pulse. Wwould become
troublesome if the effect from heating still remains when the next pulse Tile. voltage peak
to peak amplitude of the blue pulse is also importhetause that determines the current
output of the LDC5Q0

M ] Signafrom F33 Signdi.from 4011A
Function

Function Generator

Generator
/ - Triggers the F33

Figure 56: Testing Apparatus Probing Pins

Some operational notes about the setup will be mentioned heséerences aranade
on the figure belowThe output of the BK Function Generator will be viewed using Channel 1 of
the oscilloscopeiR A a Waz2adé¢ A& O2yySOGSR G2 G4KS GNRIISNI
gAff 0SS dzAAYy3d GKS G¢NAIISNI az2RS¢d . 20K (KS TFdzy Of

waves.

Before proceeding to the actual testing of the chip, it is a good ideetermine the
amount of current and the time to which the current is provided (width of the pulse). The width
of the pulse is adjusted by the two knobs: Frequency Level and Duty Cycle. For widths of 10 ps,
the frequency level of 100 K can be used. Fothgief 100 us, the frequency level of 10 K can
be used and so forth. The maximumidth of the pulse using this setup is about 500 ms which
uses the frequency level of 10.

Thewltage2 T GKS CooQ&a aAaylft Aa O2y(NRélf SR o0& (K:
below. For the coarse voltage level knob, the levels 0.1V, 0.3V, 1V, 3V and 10 V are available.

The fine voltage control knob expands or contracts the square wave in both directions. It is
necessary to use the fine voltage control knob with theefffiknob A good reference is to align
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the lower flat horizontal portion of the square pulse with grouiitiere is a warning light on the
F33 function generator. It is observed that whenever the upper flat horizguaion of the
square pulse exceeds3timesthe value on the coarse voltage output level setting from the
ground reference line, the warning light would light Wipthat caseit is advised tdower the
offset or turn down the fine voltage output control.

Trigger Level Wave Form

Frequencyt.evel - set to Trigger Mode | - set toSquare Wave

FA3/FUNCTION GENERATOR
" Quter Knob:
v RSB S, Duty Cycle /

~ Fine Frequency

Voltage Output
Level
- Coarse

Voltage Output
Level

Trigger i Ng - Fine

L) &

-~ Ty
»

-i

S5
h
P

\

Warning Light

n

T

" -

Figue 57: Current Triggering Instruments
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T Voltage Output

0.13v LevelCoarse
l Warning Light -0.1v
E— - Offset is too high
Gnd @
T Voltage Output
LevelCoarse
0.13vV Warning Light 0.4V
- Fine Voltage Control
l Level too high
Gnd
2
T Voltage Output
0.39v LevelCoarse
i Warning Light -0.3v

— Gnd - Offset is too high @

Figure 53: F33 Function Generator Warning Light

5.3.2 Current Source

The LDC500 (Laser Diode Controllers) is used as the current source for this phgect.
control range of this instmment is from 0 to 500 mA. It can either be used as a free running
constant current / power sourcer it can be triggered with the triggering instruments in the
previous section. With a pulse controlling the LDC500, the sensitivity is 50 mA / V. A 10 V peak
to peak square pulse from the F33 Function generator will cause the LDC500 to output the
maximum current of 500 mAhere is a safety output limit of the device which can be adjusted
by a small flat head screw driver (labeled limit in the below figuréel LDC500 is not
triggered, its output current can be adjusted with the constant current knob. Even if it is
controlled, this current knob can be used to add a constant current offset to the analog current
output from the triggering. For this projecti¢ current knob and triggering are not used
together.

There is no output fronthe LDC500 unless it is enabled. Thalde button acts as
another safety mechanisnThe LDC500 can also detect whether the circuit has an open circuit
or rather the circuit igirawing more current that the maximum power consumption of 30 W.
The open circuit warning will light up accordingly and the instrument will automatically disable.
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Figure 59: Laser Diode Controller 500

The output of the LD500 is the R332 with pins shown below. Pins 1and 5 are shorted for a
safety interlock. The photodiode pins and pin 7 are not used. Pin 8 is soldered to a long red wire

(anode) and pin 3 is soldered to a long black wire (ground). In the connectionrdiagtaw,

the photodiode component is not used, and the laser diode component will be replaced with
the wire on the prototype atom chips

oy =~ 00 o

O

pin  connection

open circuit monitoring, status display:
interlock
digital ground for pin 1

1O
e

laser diode:

laser diode cathode (laser anode is at ground)
laser diode anode (laser cathode is at ground)
ground for the laser diode

© 0 0 0
o 0 000
— R s U

W G0 1

photodiode:
photodiode cathode
photodiode anode

o é
2
o1
o 3

O 3 & ?

o : e

4 =
o )
O— —
DB o

Figure 510;: LDC500 Output Pins Identification
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5.3.3 Equipment Wiring

s
pmpcessm—

BK Precision 4011A 5MZ
Function Generator

LDC500 Back

Fv IN  CTL T

A A
mopIN ®) )
® ©

LD DUTPUT

ASER DIODE CONTROLLER  LDC500

GND'
® 100 A
|® e » mi

» soo THORLAESE |

oPn cx1 ENABLE

LDCBO0 Fror

Wiring DiagraniNotes:

Left —p
Connectiorpad

Connectiorpad

naToR

) 20 =39
) ,;:;;
‘e0ee® e-‘fOezé'.

F33 Function Generato

Figure5.11: Equpment Wiring Diagram

1 white wires are depicted as blue wires

9 BNC wires are depicted as thicker lines

1 Pay atra care to follow the color scheme otherwise a short circuit will result if the
anode from the LDC500 flows directly to ip@und of the oscilloscope before the wire

Three channels on the oscilloscope are used. Channel 1 is useful for triggering the
oscilloscope. Channel 2 is useful for determining the amount of current to pulse and the
duration of the pulse while Channel 3sdrves the voltage drop across the wire on the chip.

addition a BNC Junction Tee oector is used at Channel 2 so that the signal can be observed

and be used to pulse the LDC588.actual photo of the equipment set up is shown below.
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Figureb.12: Equipment WiringPhoto

5.3.4 Testing the Equipments

In order to verify the information in the specification sheets of the electrical instruments,
sometests were conductedlTwo high power rated resistors are used to test the equipments
before the actualmi®@ $ANB & 2y (GKS FG2Y OKALA IINB (SaGdSRo ¢
L26SNI N GSR 4G wn 2 FyR I ndtr K NBaAad2N gAlGK LR
O2YLI NIFo6fS (G2 (GKS NBaAAAG2NI O fdzSa 2%He 61KS YAONR ¢
thickest micro wire of 200 um).
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If the maximum current of 500 mA from the LDC50frent source is put through th8

Kresistor, the power is calculated to be:

P=tw I vy

K SRAY 2®W A< 2B WNresistor limit) << 30 W (LDC limit)

It implies that the resistor can withstand the maximum current output from the current source.

{AYAE I NI &
P=fR=47K E

F2N) GKS

norT

K NBaAad2N
6 p°AFF 1E75 W A< 11 W (resistor limit)

These resistors are tested by sending an increasing currentghrthem with the LDC500
currentknob and a multimeter is used to measure the voltafjee voltage versus current
graphs are shown below; theggaphs are linear as expectethe fit shows that the actual

NEBaAadlyoOsSa
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When looking at the voltage drops on the oscilloscope, a horizontal voltage line is observed. It is
noted that the signal has some noise, and is a thick line with thickness of abovt B suggests
that the resolution of the oscilloscope + LDC500 current + wire system is 3 mV.
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function generator (channel 2) is set to have a duty cycle of 50%awittv frequency of 0.5 Hz
so that the current signal will be on for one second and be off for the next second. This current
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resistor and observed on the oscilloscope. A 400 mV to 0 mV square output voltage signal is

observed.

Short and fast pulses from the F33 function generator are also tested to confirm
whether the LDC500 can follave pulses. The output observed from a 10 kHz input is
confirmed to be satisfactory while the 100 kHz input is showing sigas efectrical Ig rather
than a neat square wav&rom these observations, it is advised to use pulse widths of longer

than 10 pus.

33



5.4 Testing Method / Protocol

After wiring the equipments as shown in the previous sections, a chip and one of its
wires has to be loadegroperly on the testing apparatus before the actual IV testing can begin.
Once a micro wire is successfully connected with the electrical instruments, the signals that will
be used to test the IV are largely determined by the resistance of the wire. Iretttisrs, the
general testing method will be described, with a more detailed protocol documented in the
appendix.

5.4.1 Chip + Wire Loading

Assuming there is no chip already situatedhia testing apparatus, a chipill have to
be loadednto the apparatusand one of its micro wires will have to be aligned with the probes
One of the first steps is to make sure the arms structure on the translation stages are not
interfering too much (blocking access to screws, etc) in the area between the stages. It is also
necessary to lift the probes 2, move away from the center between the stagesfor lower
stage and +y for upper stagafdtowards one side-k for both stagesiising themicrometers.
In other words, the threenicrometeis are adjusted to their extrae end travel limit of 3 mm.

Clip 1 should alwayse screwed down to the base piedelace the chip lying on one
side onto Clip And make sur¢he micro wires on the chip are aligned in the y direction such
that both endsthe micro wire connection pads@atoward the stages. The chip is then secured
by placing Clip 2 on the Base and lightly pushing the chip against Clip 1. When screwing Clip 2
onto the base, washers should be used. Once the chip is lying securely in the smaller holder, the
base can be ptad on the base plate. This holder can be moved in the x direction to align the
LINEO6Sa 6A0K GKS YAONR ¢.MBKBsue Yo allgytieSwiRigsiofthe O2 yy SO
probe to be just slightly on thex side of the connection pads because theavélmicrometeris
on its¢x end limit, and can still accommodate 3 mm of + x travel.

H H i / Base Plate

SN

Clip1 ° o Clip 2 Translation
:I Stages
d TUT

Base oo | o

S

Figure 5.2: Test Bench Chip loading
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Figure 5.5: Coarse Arm Adjustment

Nowthat the chip and the chip holder are in place, thenarcan move back
toward the center. Be sure to only adjust one direction of one stage at one time. For the
y direction, it may not even be necessary to use the coarse arm adjustment. It can be
used if the connection pads appear to be too far in the y dimador the 3 mm of
micrometertravel. The important direction is the z direction. It is recommended to
loosen the arm and move the probes to be as close as possible to the chip. It has to
move within 3 mm from the surface of the chip with a recommendatimbetween 1 to
2 mm. In addition, it is important to make sure the probes are still aligned and the arms
did not rotate too much during the coarse arm adjustment process.

After the coarse adjustmentshe fine adjustments with thenicrometers can be
used. It is advised to djust one of the translation stages first before adjusting the other
stage.First adjust the x and ypicrometers such that the probes are directly over the
connection pad. A multimeter shoultk attached to the pair of white and blaakres.
The probe tip pair shdd form a close circuit and display a resistance value as soon as it
is connected. Lower the probesing the aznicrometerto just barely touch the surface
of the connection pad. The probe may not be connected with thetfiydowering the
probe tips because of the unknown layer of protective magnesium fluoride on top of the
gold. With the probe tips touching the connection pad, run threigrometerback and
forth to slightly scratch the surface. From the experiments, a%all2 ¥ | NP dzy R ™
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be observed once a connection is made. If running thegyometerback and forth
R2Say Qi KSt LIZ Rricrometes alsa tryYifing and Indefingz)$he E
probe tips againThe same can be done to the other translatiéage until a resistance
reading can be read on both sidé&ow the resistance value for the micro wire can be
read with a two point method by using the multimeter as shown in the photo below.

Figure 5.5: Measuring Resistance for the Chip 2 100pum Mg

5.4.2 Testing Approaches

There are three prototype atom chips with three micro wires on each one. One
distinction between the micro wires is that most of them have different wire widths. Since the
three chips were manufactured from the same materilaky all share the same depth of gold.
The resistance values for the wires are therefore proportional to the width of the wires. The two
point resistance value can be used to determine the amount of current to test the chip. The
general methodology is todgin by sending very short pulses with currents that are definitely
within the limits of the chipg mA for 0.1V from F33 function generatoand then increasing
the width of the pulses by tenfold each time. For the very short pulses, the electricafrsyste
response can easily be observed, and the chip heating factors can be ignored. As the pulses get
longer, the electrical and the heating effect can be observed together. The hypothesis is that the
electrical response is very similar for long and shortgsjland is focused at the start and end of

36



the response for long pulsem the middle of the response, the heating effect is suspected to
show a linear risén voltage As the wire headup due to the input of electrical power, the rise in
temperature isspeculated to cause the increase in resistance through the equation:

R=Rom b h npc¢o
R =new resistance after heating
R, = resistance before heating
h  lifear temperature coefficient = 0.0034K for gold
n ¢ ' GSYLISNI GdzNB OKIy3a$s

This increase in the icro wire resistance will drive a correspondingreasingvoltage drop
across the micro wirever timewhich can be observed and recorded with the oscilloscope.
From the oscilloscope voltage data, the resistance information can be generated since the
power source is a constant current sourd@rough this above equation, the temperature rise
plot can be generated versus time. A note to pay attention to during the testing ishtbat
sponsor has mentioned that heating up the chipl@C may damage the ghiFrom the
eguation above, the critical resistancan also be calculateid avoid overheating the chip too
much

R.= R (1+(0.034 /°k) (100C¢ 20°C))

By nultiplying the critical resistance with the current being testedwould provide the voltage
levels to stay belowAfter testing the wires with various widths of small current pulses, the
amount of current can be increased.

Snce themaximum widthof pulses that can be tested with the current triggering
system is 500 ms, the heating effect may he apparent unless the amount of current is high.
Therefore in addition to just using pulses, constant currents have also been used to test the chip.
The methodology with using a constant current is to set the oscilloscope to a scale of seconds
and triggering the signal on the rising edge of the micro wire voltage drop (channgk@ally
for the constant current method, if the triggering and time scales are adjust properly, the
LDC500 current source will disable automatically shortly after triggerimg.idbecause the
resistance of the micro wire is increasing over time which results in an increasing voltage drop
I ONR&aad GKS gANB® ! f(iK2dZaAK GKAAa Aa y2i tAa0SR Ay
voltage drop reaches about 6.5t% 7.0 \/ the LDC500 makes a sharp beep and turns on the
open drecuit warning light and disablasself. The constant current method is not recommended
to try at the beginning before the impulses are tested becadtbas been observed to
permanently increase the regance of the micro wires. This is probably due to the chromium
diffusion into the gold from the bonding layekt high temperaturesthe chromium which was
originally lying below the gold layer may have diffused into the didié. electrical resistivityfo
32t R A& Hnodn YyKwY gKSNBIFIA (GKS St BOprdyktOl f NBaA&GA
sponsor has mentioned that this similar observation has been shown in papers he hgd 2¢ad.

As a summary, the general testing approach is outlined below:
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1. Start with short pulses of 50 us and low current of 5 mA, to observe the electrical
responses

2. Increase the pulse width by 10 and collect the data until pulse widths of 500 ms

3. Increase the amount of currentvith appropriate pulse widths (needs to be long enough
to observe a ramping after the electrical effect comes to equilibrium)

4. If heating is not observed with the pulses, use constant currents. Start with low currents
and increase the current until the LDC500 Beeps almost immediately

5. Check Resistance value ofcnai wire with multimeter as it may have permanently
increased

5.5 Data + Analysis

Following the general testing approaches as outlined in the previous section, the IV
characterization experiment was conducted on Chip 2 and Chip 3. Chip 1 was the fostg@o
chip produced and the micro wires were not etched very well. There are also shorts observed
with the wires on Chip,1so there is no-Y data collected for Chip 1 at.dlh this sectionthe
notable observationgor Chip 2 and Chipd@uring the daa collection process of the IV
relationship will be described. The data collected and the data analysis will also be discussed in
this section.

5.5.1 IV Data Collection

The data can be downloaded onto a computer using the oscilloscope software. The data
isin the form of the voltage and time values for each of the oscilloscope channels, and the
screen imageThis section will provide details on the data that was collected.

50us

01V

Vertical Time
Scale Scale

~ S

Figure 5.7: Response of 80 usshort pulse

When a short pulse is passt#dough the micro wire of the chip and the current is not
very high, the electrical response can be observed in the figure above. It is the data from a pulse
current with a width of 50 ps. The yellow signal (Ch 1) is the signal from the Bk Precision
function generator and the blue signal (Ch 2) is the signal from the F33 function generator.

38



