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Abstract

The aim of this thesis project is to design andifate a high efficiency on chip
cooling device based on the Peltier effect. Bisnteliuride (BipTes) and antimony
telluride (ShTes) are employed to form thermocouple for their h&gebeck
coefficient and high figure of merit. The modelsioé devices are simulated in the
software program COMSOL, and based on simulatisultg, a set of masks are
designed. The patterning methods are investigatatiyet etching is chosen for its
simplicity and smooth edge, although the lateralenout is 4-5 times of the layer
thickness. The wet etchant is HCI: HN®I,0 =3:1:2 for B3Te; and HNQ: H,O
=1:1 for ShTe;, The devices are tested on the probe station athelr uhe thermal
camera. The combined Seebeck coefficient iil282. A maximum cooling

temperature of 3.3K is observed.
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Chapter 1 Introduction

The aim of this thesis project is to design anditalbe a high efficiency on chip
cooling device based on the Peltier effect, whiebatibes the cooling phenomenon
when a current is applied through a junction. Toeliog device is designed for a €O
sensor in a breathing machine, with quick respalugeto the active heating and
cooling. Bismuth telluride (BTe;) and antimony telluride (Sbes) are selected as the
thermoelectric materials for the high Seebeck ddefit, o, and high figure of merit,
z.

The main challenges of this project are in the @ssing of the thermoelectric
materials, which are the selection of the suitablestrate for Bire; and SbTes, the
method to pattern them and the capping of theseralt. We start our project from
solving these questions.

The cooling devices are first simulated to getdptmal dimensions, then based on
the simulation result, a set of masks are desigBederal wafers are processed in the
cleanroom, on which after the processing the patermef BpTe; and SbTe; are
measured, and the cooling ability is tested.

1.1 Peltier cooling effect and its application

The Peltier effect was discovered by Jean Pe#i€rench watchmaker in the™ 9
century. It describes that if we put two conductogether and make a junction, heat
would be generated or absorbed at the junctionrdépg on the polarity of the
injecting current. We could realize the heating aadling function using the same
device only by reversing the supply current. Thitiéteeffect is brought up because
the energy of the charge carriers in the diffecemiductors governing the conduction
process differs from material to material; at amecgion, this difference in energy
must be provided by the lattice causing coolinthefjunction, and at the other
junction the difference in energy is released thtolattice, thereby causing heating of
the junction.[1]

The Peltier effect drew much attention twenty yeays when people tried to develop
a simple device which can heat in the winter ara cothe summer. However it
faded out of our concern because the thermal effgyi is too low. Now Peltier
devices are only used for battery powered traveleigerator and dew point humidity
sensors. If we could improve the thermal efficigray —chip cooling based on the
Peltier effect would be interesting.

As the growing of integrated circuits and the MEM8hnology, on-chip cooling
seems a good idea to add in a circuitry. On thehamel, the scaling down of ICs



increases the circuit density, and increases theepoonsumption per unit area,
which could cause hot points on the chip. A Peligrice can provide a small cooling
area such that the cool point may compensate thedmat, and hence provide a
flatter thermal profile. On the other hand, addiegistors or conductors to a Peltier
device can make an on chip humidity sensor, or ase@sor. The humidity could be
measured by gauging the resistance or capacitanere we decrease the temperature
causing the water in the air to condensate ondb&d surface. The temperature at
which condensation takes place is the dew pointhAtdue point, the resistance of
the condensate water drop is a function of the t@kness and the resistivity of the
water, which is a function of the G@oncentration, and the capacitance of the drop is
a function of the drop is a function of the drockimess and the dielectric constant,
which is also a function of the G@oncentration. Hence, the @oncentration

could be measured exploiting the relation betwéerrésistance and the capacitance
of the condensate water and dissolved @Qhe liquid film

Another application of the on chip cooling devisdgherapeutic. One group in
University of Minnesota Medical School reportedtttige focal cooling of the
neocortical epilepsy area to less than 24 degralkedted seizures within a few
seconds, without significant cortical damage. Sexnremely thin thermoelectric
device is needed for seizure detection and tredtaystem. [2]

In this project, the purpose of the on chip coolileyice is to build a fast responding
CO;, sensor, with quick response due to the activargand cooling, in a breathing
machine to detect the G@ensity the patient is breathing out.

In conclusion, the Peltier effect is an interesig@nomenon that a junction of
conductors could heat and cool just by injectirmyiaent and reversing the polarity.
Peltier devices are used mainly for small refriggngnow, but it is significant to
make Peltier devices for on chip cooling.

1.2 Thermoelectric materials

When we choose the suitable material for a Petbeling device, several parameters
should be considered. First let us have a lookeekpression of the cooling power

Ofc-[3]

I°R
qc = (az_al)ITc _7_ K (TH _Tc)
The cooling power of a Peltier device containsehparts in the expression. The first
part is the heat absorption due to the Peltiecgffehich is determined by the
Seebeck coefficient of the two materials. ;lis the temperature of the cold junction,

and | is the applied current. The Seebeck coeffiaedefined as the output voltage
divided by the temperature difference when the éwds of a thermal electric material

are applied with different temperaturels.:%. A material with a higher Seebeck

coefficient gives more cooling power, and is margable for Peltier devices.



The second part is the heat generation due toothle beat. R is the resistance of the
thermocouple, and is expressed as follows.

I N 12

Al*gl A2*g2

in which L is the length and A is the cross sectioga of the materials, ands the
electrical conductivity. To diminish the influenoéthe Joule heat, material with a
higher electrical conductivity is preferred sintgives lower resistance and less Joule
heat.

The third part in the expression of the cooling pow the thermal conduction
between the hot junction and the cold junctions kthie thermal conductivity of the
thermocouple, which could be expressed as

AlK1 A2K 2
K="y 28

11 12

in which A is the cross section area, L is the thrapd K is the thermal conductivity
of the two materials to form the thermocouple. Mo€lthe temperature difference
generated by the current is lost by the thermatiootion through the material
between the cold side and the hot side. Therellmner heat conductivity is required.

The maximum cooling temperature due to the Pedfifexct is :

AT, o :%ZTCZ, [Page 34 in reference 4]
. . . . . . _ (al _az)z
in which Z is defined as the figure of merit of thermocoupleZ =R

Hence, thermocouple materials with higher diffeeeimcSeebeck coefficient, lower
total resistance and lower total thermal conduistiwiould show stronger Peltier
cooling.

When we choose the suitable material for the theouple, we could refer to the
figure of merit, z, of the thermoelectric materiais defined as follows:
2

2=99 [Page 27 in reference 4]

in whicha is the Seebeck coefficient,is the electrical conductivity, andis the
thermal conductivity. The material with a highaguie of merit, z, is preferred for the
manufacturing of a Peltier cooling device.

The Seebeck coefficientand the figure of merit Z of the commonly usedenats
are listed in table 1.1.

Table 1.1: Seebeck coefficient and figure of mefrinaterials

Material Seebeck Electrical Figure of Merit
coefficient(uV/K) conductivity(Ohm*um) | (10°K™)
Poly-Si 190 58 0.037 [Page 65 in
reference 4]
BioTe; -248 12.6 2.87[7]
ShyTes 188 12.6 1.63[7]




Silicon has a high Seebeck coefficient, but tharkgof merit is low because of the
high thermal conductivity. Hence, silicon is notagpropriate material for on chip
cooling. BiTe; and SbTe; have high Seebeck coefficients and high figuremeiit,
so they could be used for high efficiency on ctoplmg devices. The Seebeck
coefficient of BpTes is negative, and that of Slte; is positive. If we employ these
two materials to form a junction, the combined Se&lroefficient would be
Qo = Apizres ~ Aspomez = ~248-188=— 436V K
These two materials have been studied extensi@lg. group in Cardiff University,
UK, fabricated a device, shown in Figl.1, with 780Bi,Te; and SkTes film
deposited by co-evaporation, and got a maximumingadémperature of
AT =15.% [8]; another group in Taiwan employed 8 um thickT®s and Sb2e3
films on polyimide flexible substrate, patterned fiim with dry etching, and got a
maximum cooling temperatu®T =1.2K [9]. The most successful on-chip
thermoelectric cooling device is developed by MiReti, a company in Germany.
They deposited and patterned 8uraTi film on one wafer, and fabricated the (B,
Sb)2Te3 part on another wafer, after which the waders were bonded. The
maximum cooling temperature wag =32K @ 85 degree C, vacuum[10]. The
structures are shown in Figl.2.

[p-SbsTes] | Ni | [n-Bi,Tes] [ Glass |

Fig 1.1 a lateral Peltier cooling device with a maxm temperature drop 15.5K

Fig 1.trnsvr| cooling device by MicroPelt @amy [5]
1.3 Challenges of the cooling devices

The main challenge of this project is the adhepimblem of BjTe; and SbTe; to

the substrate. BT'e; and SbTe; adhere very well to metal electrodes, for example
TiW. However, the adhesion of Bies to Si [11] and to Si@is poor; the film of

Bi,Te; delaminated in the areas with bare S#Qbstrate during the development. [12]
Based on Reference [7] and [14], polyimide and@ailinitride could be possible



substrates, but we have to investigate the adhésite experiment, and treat the
material carefully during the process.

Patterning of the film is the second challengehmliterature, usually two patterning
approaches are reported, the first of which isoifft[7]. However, the deposition of
Bi,Tes and SbTe; could probably cause un-removable photoresidhas@hotoresist
should be carefully chosen. The other approactchsrg, including wet-etching and
dry-etching. According to the literature, the hontal undercut is more than five
times the thickness in the wet etching processchvis quite a lot given the thickness
of the layers [12]. lon beam dry etching seemsadgihoice, except for the sidewalls
due to re-deposition during the process, whichapubbably cause problems in the
later capping step.

Another challenge is the capping of the high ZTelay ByTe; and SbhTe; must be
fully capped because they tend to react with othenants in the following steps.
SiO, is not an option for its poor adhesion, in thispect SN, seems a good
candidate. But there are two problems witiNgias a capping layer, one of which is
that the deposition temperature is always highan 800 degree C, which is above
the evaporation temperature of the materials (22pakC, [13]). The other problem
is that the thermal conductivity of 384 is very high. Introducing 84 as the capping
material could diminish the high figure of merit®if,Te; and ShTe;. Another
suitable capping material is Parylene, which hagnbeen used in similar devices
before. Parylene is deposited at room temperaaune:the step coverage of Parylene
is excellent. An important benefit of Parylenehis tow thermal conductivity, only
0.08W/(m*K), comparing with SN4 20W/(m*K). The capping material must be
deliberately thought over.

This thesis focuses on the three challenging asptwt adhesion of the high ZT
materials to the substrate, the patterning apprcawahthe capping material.

1.4 Overview of the report

This report consists of six parts. The principlé application of the Peltier effect, the
choice of BjTe; and SkTe; as suitable material, and the challenges of ttagept are
described in the first chapter, the introductione Becond chapter shows how the
devices are designed, from the aspect of thermdkeirsimulation using finite
element software package COMSOL, and also fronasipect of transferring the
devices and test structures into layout using Ceelen the third chapter, the
patterning method of the thermoelectric materiglgresented and discussed. The
forth chapter details the processing plan, theipieary experiments and the final
flow chart. The testing and characterization ofdbeices is reported in chapter five.
Chapter six gives the conclusion and the recommendaf the flow process. At last,
the reference literature is listed.



Chapter 2 Design

The thermal behavior of the Peltier cooling devisesimulated using the finite
element software COMSOL to get a general idea®thilermal profile and the
optimal dimensions. After that, the layout of seetevices with optimal demensions
is implemented in Cadence. At last, different s#aictures for sheet resistance,
contact resistance, Seebeck coefficient, etc. ddedto the layout.

2.1 COMSOL simulations

Since silicon has a very high thermal conductiitityill diminish the temperature
difference between the hot and cold ends. Therefmesubstrate underneath the
thermocouple(s) should be a membrane or a thinifilstead of bulk silicon. In the
cooling mode, the thermocouple absorbs heat atdlieend and releases heat at the
hot end. Hence, it is better to put the hot entherheat sink, which is bulk silicon, to
absorb the excess heat and maintain the temperdtueeefore, polyimide is used for
the membrane for its robustness and low thermadectivity. We simulated the
thermal profile in two models, the cross sectiordei@nd the top view model.

2.1.1 Cross section model

The cross section profile is studied in this motéé use a silicon wafer as the
support and the heat sink, and a 10 um polyimigerlas the membrane. The,Bé;
and ShTes layers are located on the membrane, and haveigdétitickness of 1um
and length 200um. The bottom electrode is mad®0né tungsten, and the capping

Si O, is 500nm. We start with the following dimensiotiee length of the
thermocouple is 200um; the distance between theseniaterials is 60um; and the
length of the membrane is 460um (2*200+60 um),easahstrated in Fig 2.1. We



also assume the width of the device is 100um, haadontact area is 100um*20um.

=9 L3=60 =
L2=200 e 127200
S WS /
N "]
Tiw | BifTes o $2Te3 | Tiw | Hoo
Folyvimide
| L1=440 —
Sl i

Fig 2.1 Demonstration of the cross section model

We could change the length of the membrane (L1gr2R), the length of the
thermocouple (L2 in Fig 2.1), and the distancehef2 thermoelectric materials (L3 in
Fig 2.1), to see the influence on the thermal pratnd the maximum cooling
temperature. Based on the analysis, the optimutineoflimensions L1, L2, and L3
could be determined.

Several boundary conditions and constants shouiddrgioned:
(1) The power per unit square absorbed at thefaderarea of TiW and Bie; due to
Peltier effect is
— aBi 2Te3*TC* I

0 lc* we
in whicha_ BixTes is the Seebeck coefficient of Bies, Tc is the temperature of the
cold junction, I is the applied current, Ic is feagth of the contact area, and wc is the
width of the contact area.
The case for Sfie; is quite similar. The heat power per unit absortheel to Peltier
effect at the interface is:
0 = Ospores™ TC" | ]

lc*wc

in whicha _ SbTe; is the Seebeck coefficient of Stes.

(2) The Joule heat power per unit volume releasei@umly in the BpTes film is:
0= 1?*R _ 1?*rhq,,

Volume  w**d?
in which, | is the applied current, rho_bite is tesistivity of B2Te3, w is the width

of the BpTe; structure, and d is the thickness of the structure
The Joule power in Sbes film is

0= 1?*R _ 1**rhog,
Volume  w’*d?




in which rho_sbte is the resistivity of Sies.

(3) The contact resistance Rc between TiW andd3j and TiW and Sfie; is
neglected, since it is unknown and it affectsditth the optimal dimensions of the

device.

The devices are assumed in the vacuum, so allutséde boundaries are thermal

isolated.

(4) Related constants are as follows:

Rho_bite 12.6e-6 Ohm*m
Rho_sbte 12.6e-6 Ohm*m
o _ BiTes 248e-6 V/IK

o_ SbTe; 188e-6 V/K

| 240e-6 m

w 100e-6 m

d le-6 m

Tc 273.15K

Ic 20e-6 m

wcC 100e-6 m
k_SiO; 1.4W/ (m*K)

K_ SNy 20 W/ (m*K)
k_BiTe 1.2 W/ (m*K)
k_SbTe 1.2 W/ (m*K)

The thermal profile simulate by COMSOL is showrFig2.2, in which we could get

a general idea how the device works.

{3)=0.002 Surface: Temperature [K]

wan® (£

>

2]

260

w

5 6 7 8

Max: 274.864

] 00l BOGZ 00T 0004 0006 0808 0807  OOOS 0D0% DY

1 w1od Min: 240.204

Fig 2.2 simulation result for the cross section slpdith the maximum temperature
drop 32.946K



Fig 2.2 shows that the cooling part is at the @ mtiectrode while the hot end has the
same temperature as bulk silicon, since the blibosi acts as a heat sink.

The insert in Fig 2.2 shows the temperature ottral electrode as a function of
the applied current. At OmA, the temperature ofdlextrode is the same as the
environment temperature, Tc=273.5K. As the appdiedlent increases, the
temperature decreases, since the cooling powéed?eltier effect is proportional to
the input current. However, when the current exsédA the temperature increases
with increasing current. At I=10mA, the electrodeeiven heated up to over 800K.
The balance between the heat pumped away fromiqumathich is proportional to
the applied current, and the joule heat conduddhé junction, which is proportional
to square of the current, gives rise to the excaasf minimum cooling temperature.
For the device shown in Fig 2.1, the minimum elsd¢rtemperature is 240.204K, and
the maximum cooling temperatureAS =273.1K - 240.204 = 32.946

Now we change L1, the length of the membrane, &g khe other parameters
unchanged, and check the result to get an optirhal be result is listed in Table 2.1.

Table 2.1: simulation result for models with difat membrane lengths

L1 (um) Minimum Temperature Applied current
temperature (K) change (K) (mA)

260 242.992 30.158 3

460 240.204 32.946 2

520 241.688 31.462 2

600 246.463 26.687 2

L1=460um gives the optimal result, when the edghefmembrane is just aligned to
the edge of the TiW electrode (L1=2*L2+L3 in Fig.R.This is because if the
membrane is too small, the distance from the haktand the cooling electrode
would be too short, leading to more thermal coniductf the membrane is too big,
the hot side of the Peltier device would not contiae heat sink, causing the
temperature of both cold side and hot side to smeeFig 2.3 shows the thermal
profile with L1=260um and L1=600um.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o 281577
w0t [ 5] b ot [ 5]
A N El

Fig 2.3 simulation result for left: IflM:mmeSOum, anght: L1=600um

The optimum L1 gives us a condition for L2, thegémof the thermocouple and L3,
the distance between the two thermocouples, wiiti#2*L2+L3=460 um. So
when we increase L2, L3 will decrease twice thedase value of L2. We change L2
to 150um,190um, and 205um, and get an optimum L2.



The simulation result is listed, in Table 2.2. Thmimum temperature decreases as
L2 increases, which means we should put the twartakematerials as close as
possible. However, the minimum temperature doenabge much.

Table 2.2: simulation results for models with diffet lengths of thermocouples

L2(um) | L3(um) | Minimum Temperature Applied
Temperature (K) change(K) Current(mA)

150 160 242.428 30.722 2

190 80 240.36 32.79 2

200 60 240.204 32.946 2

205 50 240.18 32.97 2

2.1.2 Top view model

The top view thermal profile is studied in this nebdVe still use polyimide as a
membrane, TiW as electrodes, and Al as bond pdussike of the model is
890um*890um, and the square membrane size is 43@BOum. The length and the
distance of the thermocouple are fixed, and thgtlenof ByTe; and SkTe; are
identical. The width of the thermocouples is theapzeter we are studying. To
simplify the model, we assume the contact widtthéssame as the width of the
thermocouple, we= W. The width is first set to 1400 we could get a brief idea of
the thermal profile in the device as demonstratefgig 2.4

. TiW
W=110um &1 E'“T’l

Fig 2.4 demonstration of the top view model
Several boundary conditions and constants mustdrgiomed

(1) The Joule heat per unit volume along the thémederial ByTes could be
expressed as

-10 -



o 12*R _17*rhgy,
Volume  w**d?
in which | is the applied current, rho_bite is #lectrical conductivity, w is the width
of the thermocouple, and d is the thickness otlieemocouple.
Similarly, the Joule heat along Ste; could be expressed as
0= 12*R _ 1?*rhog,
Volume  w’*d?
in which who_sbte is the electrical conductivitySi%Tes.

(2) The case for contact area between TiW electapdikthe thermoelectric material

is a little complex, since Peltier effect gives @ss thermal generation and absorption
other than Joule heat. Considering both effectstiibrmal power per unit volume
released in the contact area at the cold end deB(in the middle of the membrane)

is
Q — I 2 rhobite — abite* I* TC

W?*d?  lc* wer d
in which rho_bite is the electrical conductivityydo,_bite is the Seebeck coefficient
of BioTe;, W is the width of BiTe; thermocouple, and Ic, and wc are the length and
width of the contact. The contact width wc equals W

At the hot end of Bile; (at the edge of the membrane), the power genepatednit
volume is

Q - I 2 rhObite + abite* I* TC
W?2*d? lc* wer d
in which the plus sigh means heat is releaseda&eltier effect.

The case for Sfie; is similar:
o 12*rhog,, @g.* I* Tc
W?*d?  lc* wer d
0= 12 10y, | Oye* I* TC
W?*d? lc* wer d
(3) The contact resistance between TiW and &iand SkTe; is not counted in the
model, since it is unknown and it does not affeetdptimal dimensions. The Joule

heat in TiW electrode is not taken in account &itbethe same reason.
The thermal isolation is assumed at the boundaries.

(4) Related constants are listed below.

rho_bite 12.6e-6 Ohm*m

rho_sbte 12.6e-6 Ohm*m

o _ BibTes | 248e-6 VIK

o _ ShTes | 188e-6 VIK

I 200e-6 m
d le-6m
Tc 273.15K
Ic 10e-6 m

« BiTe | 1.2 W/ (m*K)

«_SbTe | 1.2 W/ (m*K)

-11 -



The simulation result for the device in Fig 2.4f@wn below in Fig 2.5.

I{14)=0.0026 Surface: Temperature [kK] Max; 274 .42
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Fig 2.5 simulation result of the top view modeltiwihe maximum temperature drop
80.77K

The temperature of the electrode at the centrbeofrtembrane first decreases with

the increasing current for the stronger heat p@ksorbed according to Peltier effect.
If the input current is higher than 2.6mA, the temgiure increases as the current goes
up, because the Joule heat power is much largetrttigaPeltier cooling power.

For the device in Fig 2.4, the best case of codiiagpens at I=2.6mA, and gives a
maximum temperature charfyé = 273.15- 192.38& 80.K .

The simulation result of the top view model witlifelient thermocouple width is

shown in Fig 2.6
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Fig 2.6 minimum temperature vs. the with of therthecouple

The device gives the lowest temperature when tiéhws around half the size of the
membrane (1/2 * 430um=215um).

The thermal profiles for W=50um, 210um, 410um aB@um are shown in Fig. 2.7.

H19=00012_suface: Tenperatra 1] e 275

K001 Sufaces Terparstura (€] ax: 2986

20

01 0 01 0z [} 0 05 os 07 s 05 =
Mo 2104

Fig 2.7 simulation result for top left: W=50um, toght: W=210um, bottorﬁm left:
W=410um, bottom right: W=430um
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Next, the effect of the scaling up the device islgd. The device in Fig 2.4 is taken
as an example. If we increase the size of thetsireiin Fig 2.4 in all dimensions,
except the thickness, by the same factor, for e¥antwice or 4times, the simulation
result wound not change since the heat absorbie &bld junction is
P=alpha_bite*I*T¢, which has nothing to do with the scaling of timesand the
Joule heat released along the thermoelectric naaieri
P=I"2*Rho_bite*lc/(wc*d)

=(n*lc)/(n*wc)=constant
which is also a constant when we change the sthi&simulation result of the above
case is in Table 2.3.
Now we must take the Joule heat of the contacstaaste into account. So the new
heat power generated at the contact area betwedhdlmo electronic material and
TiW at the cold end, in the centre of the membiiarexpressed as:

Q = QJouIe + QPeItier + QJouIe,oontac’r
_1?*rho _a* I*Tc N I* Rc
W?*d? Icrwerd o Ic* we?
in which Rc is the contact resistivity (ohm*m”2)tlveen TiW and BiTe; or ShTes.
Since the resistance of the contact area is Rwli¢)c the larger contact area is the
better for the cooling device.
The heat generated at the hot end contact ard® atige of the membrane is:
1?*rho = a* I* Tc 1* Rc
Q = 2 2 + + 2
W?*d? Ic*wer d o Ic* we

The simulation result of different scales consigigihe contact resistivity is listed in
Table 2.3.

Table 2.3: simulation results considering contaststance
\Without contact resistance

Scale=n Tmin=192.065
\With contact resistance

Contact resistivity (Ohm*um”p) Scale=|Scale={5cale=4
Rc=50 Il_opt |2.6mA| 2.6mA] 2.7mA
T_minl192.38| 192.14492.02}1
Rc=500 Il_opt |2.6mA|2.6mA| 2.6mA
T_min195.218192.85%192.26%2
Rc=5000 Il_opt |1.8mA| 2.4mA| 2.6mA
T_min215.811199.58| 194.033

If we increase the size of the structure, the mimmtemperature would decrease, so
we could get a cooler junction in a larger devidais can be explained as follows.
When we scale all the lengths and widths with #edr of n, n>1,. c=n*Ic;

Wc=n*wc; D=d.

Then the Peltier cooling power per volumejg,., =alpha_bite*I*Tc=constar.

The Joule heat power per unit volume inT®%/ SkyTes is

P=1"2*RhQ,; /e ‘LC/(WC*D)=I"2*Rh0 ;. s, {N*IC)/((N*wWC)*d)=constan.
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While the Joule heat power per unit volume duénéodontact resistance is
P=1"2*Rc/(Lc*Wc)=1"2*R/(n*lc)*(n*wc) On

So the device with larger scale factor n givedatikely smaller contact resistance
compared to the heat pumping capacity, hence thiealeould cool better.

The last model we want to check is the Peltier dewith a capacitor and
interconnect on top, that is used in the,@@nsor to measure the change in
capacitance and resistivity due to the preseneecoindensed liquid film. The metal
connects to the hot end and the cold end, andfénans lot of heat due to its high
thermal conductivity. An Al resistor with one end the bulk silicon and the other
end near to the cooling electrode is added to thaeiin Fig 2.4. The simulation
result is shown in Fig 2.8.

1(14)=0.0026  Surface: Temperature [K] Max; 277.22'
| >

>

F 20

250

[ 240

»

1 i 01 0z 03 04 0.5 05 07 08 09 1 11
w10 Mir: 214,66

Fig 2.8 thermal profile for the top view model widh aluminium line between the hot
and cold end

The minimum cooling temperature increases to 214,66 the maximum
temperature drop is 58.49K, which is 28% less thefore.

Conclusion:

2 kinds of models, which are the cross section rhade the top view model, are
simulated in this part to get an optimal dimensi®averal heat generation effects are
considered, which are the Peltier effect (both iogoand heating), the Joule heat in
Bi,Tes and SkTe;, and the Joule heat at the contact. Under theitonadf thermal
isolation, we got the maximum temperature drop@¥ or cross section) and 103K
(for top view). The difference of the result is besa that they are different models,
the cross section model assumes the width of dagey is infinite, and the top view
model include one layer at one place and neglectapping layer and the substrate.
Both the models are not the reality. The best caiskehgth of the square membrane
is that when the edge of the membrane is just atigo the contact between,Bes/
ShyTes and TiW electrode at the hot end. The longer teentlbelectric material gives
cooler result, so the length of Bes/ SkyTe; should be as long as possible and
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extreme case is that the length is half the menabsae. The optimal width of Blies
and SbTe; is the half of the size of the membrane. For the sf the contact area
between the thermoelectric material and the eldefrthe larger is the better.

2.2 Device layout

The software program Cadence is used for the layfollte devices and test structures.
To design a set of masks, a general idea of theplmeess must be clear. We start
with a wafer covered with polyimide or nitride &®tsubstrate, and a layer of TiW is
deposited on it, which is patterned into the etees later (Mask #1). Thé'l
thermoelectric material is deposited and patteinedhalf of the thermocouple
(Mask#2), after that we cover the wafer with aeintediate layer. Then we open the
intermediate layer at the place where tPfehalf of the thermocouple is (Mask #3),
the 2% thermoelectric material is deposited and isolétech the £' material by the
intermediate layer. The'2thermoelectric material is patterned into tA&Half of the
thermocouple (Mask #4). At this time, the Peltigrgtion is formed, which is capped
and protected within 84 or polymers. The next step is to open the bond islisk
#5), and metallization (Mask #6). At last, the bsidk of the wafer is opened to form
a membrane (Mask #7).

There are two kinds of masks, the Light Field mad¥)(land the Dark Field mask
(DF). For the Light Field mask, the figures in thgout are transferred to the metal
figures on the mask, and since we are using pegitinotoresist, they are finally
transferred to the remaining material on the weBerthe figures on the wafer are
exactly the same as them in the layout. WhilelierDark Field mask, the figures in
the layout are transferred into the openings omthaek and the openings on the wafer.
The LF masks are usually used for patterning the matdeand the DF masks are used
to open the contacts. So the Mask #1, #2, #4, ératétthe LF masks and the others
are the DF masks.

The layers and the masks are listed in Table 2.4.

Table 2.4: layers and masks

Mask LF or Layer in Mask The function of the mask

Number DF layout name

1 LF MESA TiW Patterning TiW electrodes

2 LF PS BiTe Patterning thé'iaterial

3 DF CO CO Opening contact on
intermediate layer

4 LF IN SbTe Patterning thé 2material

5 DF CB CB Opening contact holes

6 LF XTR1 IN Patterning metal leads

7 DF XTR3 MESA Opening back side

The Peltier cooling devices are designed in sewizatk. The basic one is as showed
in Fig 2.4. The membrane size is 425um*430um, aactiner of the membrane is
made round for better back etching profile. Theeedijthe membrane should be
aligned to the contact area at the hot end ofttheriocouple, so we design the edge
of the membrane as close to the hot end as poskibigng 25um space in case the
non-ideal anisotropic RIE etching. The length ofttiermocouple is 250um, and the
width is half the membrane size, 210um. The distaricke two materials is 55um.
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The contact area is 40um*210um for lower contadstasce, and the bond pads are
400um*400um for easier contact on the probe stafibe layout of this device is
shown in Fig 2.9. -

Fig 2.9 layout of the cooling d&ice, size: small

The other two types of the devices are twice arichdg of all the dimensions of the
device above. In all designs the bondpad size lamtstafe distance’ between edge of
the membrane and the hot junction is equal, as shoWwig 2.10. We expect that the
device with larger size would show better coolisgsanulated.

I il

I il

I A L B
Fig 2.10 layout of the cooling device, left: sizeddie, right: size large

A six-end device is added to the design. The desibased on the device in Fig 2.10.
Three Peltier junctions are arranged in parall@hvestigate the effect of
thermocouples connected in parallel on the cogieidormance. The device is shown

in Fig 2.11
I N il

L Il

Fig 2.11 layout of the parallel thermocouples
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At last a simple structure that mimics a £@nsor is added (see Fig 2.12) to
investigate the additional heat loss through thenalium wires of capacitor. This
device has the dimensions of the largest structimege this structure is expected to
offer the largest temperature drop.

I il

= |
Fig 2.12 layout of the structure with additionallfles to mimic a C@sensor

In conclusion, seven layers in the layout are néddethe seven masks. Four cooling
devices and a C{xensor are designed on this set of masks.

2.3 Test structures and alignment markers

To control the process flow and to measure the nahteharacters, we added a set of
test structures.

(1)Process control

The steps in the processing, for example, the expdsue and the film step height
can be controlled by the structures in Fig 2.13214d.

Fig 2.13 layout for the structures to test the axpe
In the case of over exposure, the narrow linesgr2EL4 will disappear. If the
exposure time is too short, the dense net in thetstire would become one huge
square.

T =8

AB CDEFG
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Fig 2.15 layout to measure the step height
We could measure the thickness of the TiWTBi, SkyTe;, intermediate layer and
the top metal using the structure in Fig 2.15.

The next test structure to add in the design istheture for SEM. We designed a
long structure (several centimetres), which has#iree cross section as the devices
in Fig 2.11, (see figure 2.16). After the procesBnished, we could break the wafer
and check the cross section easily using this tstre.c

Fig 2.16 layout f(;r the Ibng structure for SEM

(2)Measure the characters

For thermoelectric materials, the most importararabter is the Seebeck coefficient.
To measure the Seebeck coefficigntwe could heat one side of the thermoelectric
material, and measure the temperature differentvedes the two ends, delta T, and

the output voltage of the two ends, delta_V. Tlmen%. To get a more precise

result, a differential structure is taken, see Eiy .
= - =
N ]

M

ﬁj

Flg 2.17 layout of the structure to measure theb&ele coefficient

Another important parameter is the resistanceudiob contact resistivity and the
sheet resistance. The structures in the bottormofdig 2.18 are designed to measure
the sheet resistance of TiW,;Bes;, SikTe; and Al using the Four Point Method. The
contact resistivity between TiW and,Bes;, SkhTe;, and Al can be measured with the
devices in the upper two rows.
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Fig 2.18 layout of the resistance test structures

Two structures to measure the temperature drogeatdld junction are shown in Fig
2.19 and Fig 2.20. Four strips of thermal matefi@ate one thermal junction. If we
apply current through the top and bottom stripat ngll be absorbed or generated at
the central electrode due to the Peltier effeal, the output voltage due to the
Seebeck effect could be measured at the left gl strips. This is a simple structure,
but it is very useful in the measurement. Whiletfa structure in Fig 2.19, we could
not only apply current through the thermocouplede the change in temperature, but
also heat up one side of the thermocouple to medkarSeebeck coefficient.

L ]
Fig 2.19 layout of the cross device Fig02ayout to measure the
combined Seebeck coefficient

(3) The alignment markers.

We use TiW as the basic alignment markers, sinsgtie first patterned layer. Also,
it is expected that TiW structures will remain visilduring the processing, this is in
contrary to the thermoelectric materials which nhigiiow poor adhesion and a large
lateral etch. The markers for the other layers aneledd in two types, one for LF
masks (Fig 2.21, left), and the other one for DEEksgFig2.21, right). The marker
numbers for the masks are listed in Table 2.5, hagé&cond mask in the process
aligned to the markers on the first mask.
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Fig 2.21 alignment markers for left: the LF magkd aight: the DF mask

Table 2.5: alignment markers for different masks

# | First mask| Second mask
1| Tiw BiTe (LF)

2| TiW CO (DF)

3| TiW SbTe (LF)

4 | BiTe SbTe (LF)

5| TiW CB(DF)

6| TiIW MESA (DF)
7| TiW IN (LF)

The markers array is shown in Fig 2.22.

Fig 2.22 layout of the alignment marker array

2.4 Conclusion

The design of the Peltier cooling device starts whththermal simulation with the
software COMSOL, which gives not only the genedaki of the thermal profile, but
also the optimal dimensions of the device. Accagdimthe result, the layout is
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designed using the software Cadence, includingdoofing devices and one device
to mimic the CQ sensor. After that, the test structures to conbelprocess, for
example, the exposure time and the step heighticanasure the Seebeck
coefficient and the resistance are added in thigaleAt last, the markers are added.
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Chapter 3 Patterning Bi,Te; and Sb,Te;

The patterning of Bile; and SbkTe; is one of the main challenges of the thesis ptpjec
and it is discussed in this part. There are thrgerial methods; wet etching, dry
etching and patterning with a shadow mask. Wetiegcis convenient and fast, but
Bi,Tes and SbTe; are so reactive that the lateral undercut is rdérge [12]. Dry
etching gives precise pattern, but the re-deposéiche side walls hampers
subsequent layer coverage. The use of a shadow masgkich method the material

is patterned at the same time as it is depositeghtrbe a good alternative. However,
the alignment is not as precise as lithography.thhee patterning methods forBes
and ShTe; are listed in Table 3.1 with the advantages asddiiantages. Which one

of the three is the best patterning method is gomant question for this project.

Table 3.1: potential method for patterning'Bi; and SbhTe;

Etching method Advantages Disadvantages
Shadow mask | Smooth edge Alignment problem
Patterned during depositian
Dry etching Precise dimension Redeposion sidewalls
Wet etching Easy method Large lateral etch
High etching rate
Smooth edge

The shadow mask is a mask, which in this case isatbwafer, with patterned holes
we put on the wafer during the deposition of théemal, and the material is only
deposited at the position of the holes, resultmpatterned material right after
deposition. The structures are very smooth at thge.ddowever, it is difficult to align
the shadow mask to the wafer. Also, the Si deepuirgdor the shadow mask causes
sloping edge of the holes, making the pattern aigosition imprecise. Hence, the
shadow mask method is not employed for processiadPeltier coolers. The shadow
mask patterning method is discussed in Appendir Betails.

3.1 Dry etching method

Dry etch is a popular etching method with high atrigpy and high resolution, which
makes small feature sizes feasible. lon beam ajdhione way to dry etch at low
temperatures. It is based on the physical impahtgsf energy ions.Bie; and

ShyTe; are etched in Argon ion beam. One concern oktirlring is the re-deposition
of the etched material. During the etching, theret@f Bi, Te and Sb receive a lot of
kinetic energy and leave the surface of the wafelefposit again along the edge of
the photoresist. After stripping the resist, theéeosition side walls fall down on top
of the patterned feature, and they are a big pnolite capping. As we discussed
before, BjTes and SkTe; are already hard to cap because of the tempedatite

and bad adhesion. The side walls give peaks adbe of the feature, which causes
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cracks in the capping layer, leading to air ingbasi underneath the capping layer.
The cracks makes the capped material vulnerable tdthcked by other etchants, and
the air inclusions give rise to the possibilityttB&Te; and ShTe; evaporate at a
relatively high temperature causing the inclusianeupture. The side wall problem
had to be solved before we would decide to emptgyetthing as the patterning
method.

3.1.1 Reflow of the photoresist

One approach to diminish the sidewalls is to reftbesphotoresist at 110 degreeC
before dry etching. After reflow, the photoresistbmes thinner at the edge and
thicker at the centre, and the edge of the phagirissno longer vertical, as shown in
Fig 3.1. The redeposition along the sloping edgd@fphotoresist could be removed
during the lon Beam Etching process when the atatm&hically on the side walls.

] s
| |
zidewall=s zidewalls

~ S~ /

==

Fig 3.1 shape of the photoresist and the demoitsiraf the redeposition sidewalls,
left: without reflow, right: after reflow

An experiment was designed to check this idea.fldvechart is in Appendix B-1.

After the reflow of the photoresist, the shapehef photoresist was checked using the
step height measurement. The result is shown irBE2d he edge of the photoresist is
no longer vertical, but sloping, and the phototegiews from O to 1.3um step in 6um
lateral displacement. It is not quite convincinghié photoresist has already reflowed
or not, since the needle of the stepheight measnestation has also a sloping edge,
which could also give sloping result even if theaswred step is vertical, as in Fig 3.3.
Hence, it is not accurate to check the reflow usivegstepheight measurement, and
we had to wait after the ion beam etching to diyeciieck the sidewalls.

o]

T
1. 3um

L
Fig 3.2 step height profile of the photoresist iafeflow
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needle J

step

Fig 3.3 demonstration of the sloping edge of thedies which results in sloping
stepheight profile even if the step is sharp

The ion beam etching takes place in the lon BeamrEasd the etchant to etch
Bi,Tes and SbTe;s is Argon. The etch time for Bies is 12min, and for Sfies is
10min. The process is controlled by scanning theeshwith a spectrometer. The
signals of the etched atoms are detected, for ebearBp Te, and Sb; and we define
the endtime when the etched signal ofTB and SbTe; decreases 2 decades as the
end point. The signal of Ti and W is also detectetipical record of the atom signal
is shown in Fig3.4.

Signal of Bi2Te3

2 decades less
Signal of TiW,

>

The end point

Fig 3.4 the signal of the atoms during the ion be#ching process, with a significant
endpoint

The Scanning Electronic Microscope (SEM) is a tooliew features with a nm
resolution. The SEM result for Bie; is shown in Fig 3.5, and for ghes is in Fig 3.6.

In figure 3.5, we could observe obvious protubeednand on the edge of Bies
structure, especially at the corner. The band fatdsforms hollow hills at the corner
of the patterned structure, and if we cap it ndwe,\tacancy under the hill and the
evaporation of Te may cause rupture under the leigipérature in the following
process steps.

In figure 3.6, there is no obvious band on the eafgglyTe; structures, but the peaks
at the corner are difficult to envelop. For,B&;, the width of redeposition band is
1.1um, and the thickness of the photoresist we eyepl is 1.3um, which suggests
evidence that the redeposition band is relateddéghotoresist.
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AccV SpotMagn Det WD Exp p—————{ 1gm AccV SpotMagn Det WD Exp p—————— 14m
500KV 30 65000x TLD 4.1 1 500KV 30 65000x TLD 41 1

Fig 3.5 SEM photos of BT e; after ion beam etching, with folded redepositiamdb
at the corner

AccV SpotMagn Det WD Exp ————— Tym AccV SpotMagn 1,70 ymB—Exp———f 1im
500KV 30 50000x TLD 44 1 500kV 30 50000x TLD 45 1

Fig 3.6 SEM photos for patterned,$bs;, with peaks at the corner due to the
redeposition

Simply reflowing the photoresist does not dimintsb redeposition along the
sidewalls during the ion beam etching. The etchettnads redeposit along the thick
photoresist even though the photoresist edge pgrgjloWhat we need to do is to
make the photoresist very thin to obtain smalldepmsition sidewalls. However, the
thin photoresist is not strong enough to mask #teemed layer in the process. The
reflowing of the photoresist is not feasible. Othpproaches must be investigated.

3.1.2 Tungsten as a hard mask

An idea to avoid redeposition is to employ a thingiehing mask for less
redeposition. Since the ion beam etching is of Isigllectivity of ByTe; and SbTe; to
some other materials, such as TiW, W angNgiwe may employ one patterned thin
layer of these materials as the hard mask in ttt@reg, and remove the hard mask
layer afterwards. In this part, we employ W, but iV as the hard mask since Ti
tends to diffuse into BTe; and SkTes.

The etch rate of W in Argon ion beam etching is dnhli~0.01 times that of Bies
and ShTes. In this case, 100nm of W as the hard mask isgmdor masking 1um
B2Te3 and Sfie;s. We take 150nm layer just in case of over etcherdtching, the
150nm mask will be left only 50nm, and the redefpmsiband will be less than 50nm
wide, which is acceptable.

-26 -



The initial thickness of the W mask is 150nm, and Tawyér is 200nm. The ion beam
etch and the over etch consume 100-120nm W maskZa0n (from Part 3.1) *
10nm/min), leaving the tungsten mask thickness 80tym. The TiW layer is 6 times
thicker than the remaining W layer after the ioarfeetch. Hence the etching of the
TiW when removing the W mask in the final step isimized (See fig 3.7)

Fig 3.7 demonstration of removing W hard mask, Whitso etches the exposed TiW
bond pads

The demonstration and the flow chart for ion bearhiag BiTes/ SkpTe; with W
hard mask are in Appendix B-2.

The W mask is patterned and removed by one RedctivEtching (RIE), which
employs low temperature reactive plasma to etclwéifer via chemical reaction and
physical impact. One advantage to etch the W masigRIE is that TiW is etched
slower than W. Hence, the TiW electrode is onlytgligattacked by the RIE etch.
The etchant also etcheslSi. Therefore, we must find a substitute method fier t
wafers with SiN4 substrate.

After removing the W mask, the structures are cadaknder the microscope, shown
in Fig 3.8. BiTes is coloured black instead of the usual silver-likeite. The SpTes
structures are very nice patterned, but we cowddosack spots at the corner of the
structures, which is quite like the redepositioakse

T | — -

Ly~ (7 p———

—s -—\..\- o —

—ar——\= -

= | (lfiitE—

— = i

Fig 3.8 structures after removing W mask undemtieo scope, left: for BTes,
right: for SbTes

The surface of the patterned layers is checkedavBEM microscope. The result for
Bi,Tes is shown in Fig 3.9, and for gke; in Fig 3.10.

For Bi, Tes in fugrure 3.9, the cause of the black appearantteat the surface is not
flat anymore, but crowded with little ‘balls’. Ptisely there is no sign of re-
deposition at all. The possible reason of the raigface may be, 1), the etching time
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of BiyTe;s is too long (13min in this case), and the W masétched through, causing
the surface of BiTe; under W mask attacked as well; 2), the etchargriwove the W
mask in RIE also etchesBie;; 3), W tends to diffuse into Bies, so after W is
completely removed, vacancies formed inT®% that was formerly occupied by W.
The first point could be investigated by depositnticker W mask. The second and
the third hypotheses are both material propertielscauld only be investigated by
changing the etchant and the masking material.

ce.! pot Magn et Exp b——— 2um AccV SpotMagn Det WD Exp b——— - 1Tum
500KV 3.0 25000x TLD 42 1 500KV 30 80000x TLD 4.2 1

o=y

AccY SpotMagn Det WD Exp
500KV 30 200000xTLD 42 1

Fig 3.9 SEM photos for BTe; after removing the W mask, the surface of which is
covered with small ‘balls’

For SbTes in figure 3.10, patterns of redeposition come ugha corner of the
structure, but this time covered with a dieleckaiger, which attracts a lot of electrons
and is very bright in the photo. No dielectric migtkis introduced in the process
except the photoresist, so naturally we strip thetgresist repeated plasma, but the
dielectric layer is not removed, indicating thastiremovable dielectric layer is
neither photoresist nor other polymer.
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AccV SpotMagn Det WD Exp p————f 1gm AccV SpotMagn Det WD Exp p———— 500 nm
500KV 30 50000x TLD 43 1

AccV SpotMagn Det WD Exp |——+—— 1um AccV SpotMagn Det WD Exp b———— 2um
5.00kv 30 50000x TLD 48 1 500k¥ 3.0 35000x TLD' 48 1
S 3

Fig 3.10 SEM phts for $be; after removing the W m\ak, with irre‘oable
dielectric residues at the corner

The composition of the dielectric layer is measurgGEM-EPMA (scanning

electron microscopy / electron probe X-ray micrdgsia). The SEM-EPMA is an
advanced SEM machine with additional function teedethe elements in the selected
surface. The result is shown in Fig 3.11. The didle@yer mainly consists of W and
O. The defects are tungsten oxide on top of tungsten
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Fig3.11. Top: Reference of Je; surface; Bottom: Result of the dielectric layer.

Tungsten oxide does not dissolve in water or acitlieis very hard to remove with
dry method, except if we deoxidize it with H2. Tleason why tungsten oxide comes
up is demonstrated in Fig 3.12. When we patteriWhmask using RIE etching, the
W redeposits along the photoresist and is oxidimethe descum £plasma and the
O, plasma to strip the resist. After the photoresisemoved, the tungsten oxide
collapses to the surface of theW mask and probect underneath it from being
etched. To avoid the formation of tungsten oxide,shiould replace all the steps

employing Q plasma. Wet etching W could be a substitute methittd no
redeposition and oxidation at all.

oxide
PR PR
redeposition ¢
w w
SbTe3 ShTe3
Tiw TiwW

-30-



oxide oxide

- b

ShTe3 | SbTe3

TiwW TiW
Fig 3.12 demonstration of the tungsten oxide foromat

Dry etching with W as the hard mask is not as ssgftéas we expected. The surface
of Bi,Te; is damaged after patterning, and irremovable ti@mysxide comes up on
the surface of Sfies. Fortunately some ideas are brought up to imptbgemethod.
We will try thicker W mask for Bile;, and avoid @plasma for Sfie; in the

following experiment.

3.1.3 Dry etching with improved W mask

To improve the W mask, the thickness is increasé&@mm to see if it is enough to
protect the thermoelectric material layer, and@aglasma is replaced by acetone
strip. The new process flow is in Appendix B-3.

When we process the wafer with,3b;, all the structures come off in the acetone
bath, leaving a smooth and shinny surface. We apaneindow at the edge of the
wafer through the metal layer to the nitride, arehsured that the thickness of the
remaining metal layer is 60nm, according to whiwh metal layer could only be TiWw,
indicating that the Siie; layer comes off from the TiW.

The adhesion of Sibe; to TiW electrode is poor. A possible reason ig thare is a
layer of oxide on top of TiW, and ghe; and BpTe; show poor adhesion to oxides.
The oxide layer is caused by the @asma to clean the wafer, or the native oxidation
One solution to improve the adhesion is to sp@ten the wafer for a short while,
just to remove several nanometres of oxide, antstea into the deposition chamber
immediately.

For Bi,Tes wafers, after the RIE patterning the tungsten mBsK,e; layer turns
black again, which means the black rough surfad& dfe; is caused by the the
etchant of TiW in the RIE etching machine, or théebaesulting from removing of
the W atoms, which have diffused into,Bé; layer. Increasing the tungsten mask
thickness did not prevent Hie; from turning into black. One solution is to repldhbe
RIE method by the wet etching method for removingrask.

The wet etching experiment for W mask is a conduated separate experiment with
small pieces, which is detailed in Appendix C.

Unfortunately, when we put the wafer with,Bé&; and W mask in the wet etchant
bath after lon Beam Etching, Bie; and W mask starts to peel off at the moment we
put the wafer in the etchant. Wet etching to dtigtungsten mask does not work
since no BiTe; stays on the wafer after the etching.
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To sum up, W mask for dry etching is not feasibler. Bi,Te;, dry etching of the
tungsten mask by RIE attackedBg;, and wet etching of the W mask causeglBj
peeling off. W mask for SBhe; caused the irremovable tungsten oxide and that
ShyTe; easily comes off. We must try another hard makkratan tungsten for lon
Beam Etching unless we could successfully handieatthesion problem of Hies
and ShTes.

3.1.4 Dry etching with SisN4 asthe hard mask

SisN4 hard mask is similar to the W mask. The advantdgesing SiN4 as a hard
mask in the lon Beam Etching process is that ibisecessary to strip thesSi

layer at the last step, sincgl$y is dielectric material with no danger of shorcait.
The SgN4 hard mask could also be patterned by RIE methdd matlateral undercut.
100nm SiN4 is enough to mask 1um Bies and SbTes, and after 10min lon Beam
Etching, the 100nm W, would be almost gone, which will eliminate the atge
effect to the cooling devices ofs8li; due to its high thermal conductivity.

We process Ble; and SbTe; on the same wafer one after another with a
intermediate layer. The flow chart for dry etchimigh silicon nitride hard mask is in
Appendix B-4

A sputter etch step is added just before the daposif Bi;Tes and SbTes, in order
to get rid of thin oxide layer on top of TiW anditaprove the adhesion.

The patterning goes well for thé& inaterial, BjTes, but after we deposit thé®
material, SbTes, the deposited $Sbe; layer cracks and peels off.

Dry etching method for Bies/ SkhTes with SkN4 as the hard mask should be a
feasible approach as long as we could get bettexsagin of the material. This could
be investigated in the future.

In conclusion, dry etching for Bies and SbTe; by lon Beam Etching faces many
problems. We tried to solve the redeposition pnobleut more problems, such as the
irremovable oxide, etchant that also attack§ &, and bad adhesion and capping,
come up. The dry etching method for BiTe3 andl®bis not ready for our process
right now.

3.2 Wet etching method

Bi,Tes and SbTe; are reactive materials, which tend to react wiingnetchants. In
the literature, several etchants are used, showalite 3.2. In table 3.2, the main
problems in wet etching are the peeling off of e and SkTe; in the etchants and
the large lateral undercut, which is over 5 tinfes\ertical thickness. The
concentration of the etchant affects the etching, i@ shown in the first figure in
Table 3.2. Higher concentration causes cracks ofiltheince the etching rate is too
fast, and lower concentration results in peelintheffilm for the long etching time.
The second figure in Table 3.2 shows the relatignbbiween the selectivity and the
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component ratio. The lower the HCI/HMN@tio is, the higher the ration of the etch
rate of ByTe; to ShTes is. A set of experiments is designed and processebeck
the etch rate of the etchants in Table 3.2.

The flow chart for the wet etching is described ppa&ndix B-5

The result of the wet etching in different etchastshown in Table 3.3. We focus on
the lateral etch, the etch rate and the crackgeliny.
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Table 3.2 possible wet etchants from literatureBigle; and SbTe;

Etchant Composition Target Etchrate  Problems hitee
(um/min)
H3POy: HNO3:CH3;COOH:H,0O
1| AlEtchA |=16:1:1:2 BiTes 0.06 1, small spots left [7]
ShTes 0.09 2, cracks or peels
g !
Diluted
2 | Aqua HCI: HNQ: H,0O =3:1:2 BiTes 0.5 1, horizontal undercut>5 times [12]
Regia Shre; non thickness because of grid boundaries
2, carbon based residues
3| HCI- HNO; | HCI: HNOs: H,O =3:5:13 BiTes 6 1, cracks occur (high concentration) [14]
ShTe; 6 2, peelings occur (low concentration)
4 | HNGs HNOs 30% diluted in water Bies 15 1, Selectivity is related to HCl/ HNO [14]
=
E A e || |
f T e
=t
ShTe; 0.3 T
5 HzOz-HCl HCI: HzOgZ Hzo =1:1:2 BtTe;; 0.7 [6]
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Table 3.3: etching result with wet etchants

Etchant # | Composition Target Etch time lateral efch step Problems
HsPQ,: HNOs: CH;COOH:
Al Etch A 1| H,O Bi,Te; 15 0 1, ShTe; spots left
=16:1:1:2 Shre; 34 2, BibTe; not etched
Diluted Aqua 2 | HCI: HNO3: H,O =3:1:2 BjTes 43" 5um 1, BiTe lateral etch
Regia 150+50+100mI=300ml She; 110" 3 2, SbTe peel off heavily
TiW 1' 0 2nm 3, TiW not etched
3| HCI: HNOs: H,O =3:1:3 BjTe; 45" 7 1, BiTe lateral etch
+50ml KD SbTe; 110" 4.77 2, SbTe peel off
TiW 1'10" 0
4 | HCI: HNOs: H,0 =3:1:4 BiTes 55" 8.5
+50ml KD ShTe; 1 5
TiW 1'10" 0
5 | HCI: HNO;g: H,O =3:1:5 BiTes 30" 9.5 928nm
150+50+250mI=450ml She; 33" 5
New solution TiW 1' 0
6 | HCI: HNOs: H,O =3:1:6 BiTes 1 10
+50ml KD ShTe; 30" 5
TiW 1 0
7 | HCI: HNOs: H,0O =3:1:7 BjTe; 1'25" 18 1, only half of BjTe; layer is etched.
+50ml KD SbTe; 55" 6 The other half is not attacked at all
TiwW 1 0 2, only half of SbTe3 layer is etched
3, etch rate too slow
8 | HCI: HNOs: H,0 =3:1:8 BiTes 2'05" 16
+50ml KD
=600ml ShTe; 2' 5 Peel off
TiW 122" 0
diluted HNG 9| HNOs: H,O =1:1 BbTe; 5" 4.5um 1, HNG; is a nice etchant for $bes.
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100+100=200m| 6" 55 peel off | The higher the concentration is, the
ShT 308" 8 shorter the etch time.
bTes A resistive white layer forms at
5'30" 7 beginning, it is necessary to dip in wate|
6'dip 4 every several seconds.
, The color change: black-white-green.
dip 4.5um .
Small structures are accessible
TiW 4'
10 | HNOs: H,0 =1:2 BiTes 30" 8 2, It is not a perfect etchant for,Bes.
bondpad For high concentration, the etching is ta
+100ml KD ShTe; 9 5 off fast, causing in bubbles, and finishes in
seconds.
dip7' 2 For low concentration, Bl e; peels off
TiW 5'
11 | HNOs: H,O =1:3 BpTes 3'30" 5 peel off
+100ml KO SbTe; 10 2 half-etched
TiW 5'30"
12 | HNOs: H,O =1:4 BpTes 6'30" 6 peeloff
+100ml KO ShTe;
TiW 6'
H,0,-HCI 13| HCI: H,O,: H,O =1:1:2 BjTe; 1'14" 21 1162nm 1, BiTe lateral etch
100+100+200mI=400ml Shes 2'17" 13 968nm 2, SbTe lateral etch
TiW 2'30" 0 0 3, TiW bubbles
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From Table 3.3, we see two useless etchants, whicAle&Etchant A, since it does
not etch at all, and #,-HCI for the large lateral undercut, which is 21fonBi,Te;s,
and 13um for Sfie; (shown in Fig 3.13).

Fig 3.13 large lateral etch of etchantO#HCI, left: for STes, right, for BpTes,

Diluted HNG; is a very nice etchant for Skes, since the etching time is around 5 min,
which is easy to control, and the lateral etchte 2 um if we dip the wafer every
several seconds in the water. The etchant causekiaitive layer on the surface of
ShyTe;, which must be dipped off. We employ HBl®,0=1:1 as the etchant of
ShyTe;, since for lower etchant concentration, the efghate is too low. However, it

is not a good etchant for Hies, because the etching is too fast, finishing ie& with
huge amount of bubbles. It must be point out tHaémwe etch Slie; layer in this
etchant, the BiTe; structure should be processed later thaiT &tor fully capped,
because BiTe; also dissolves in this etchant,

The diluted Aqua Regia etches;Bé; more gently, 43sec, also with bubbles, and the
lateral etch is 5Sum. For lower concentration, ttehi@g time would be longer, and the
lateral undercut also increases to over 10 um, slinwable 3.3 and Fig 3.14.
Although 43 sec is still a too short etching tirmecontrol, the diluted aqua regia with
the composition HCI: HN@ H,O =3:1:2 is the best etchant for,Bés. Sy Te; layers
peel off in the diluted Aqua Regia. When we etckTBi, the SbTe; structures should
also be well covered.
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| ‘ ,
Fig 3.14, top left: Sfe; peels off in Aqua Regia; top right& bottom lefti,Be; after
HCI: HNOs: H,O =3:1:2; bottom right: Bire; after HCl: HNQ: H,O =3:1:6.

In conclusion, the wet etchants forB& and SbTe3 are:

Etchant Etch time Lateral etch
Bi,Tes | HCI: HNOs: H,O =3:1:2| 43sec S5um
ShyTe; | HNOs: H,O =1:1 6’ dip 4um

The lateral etch is 4 to 5 times of the layer thedshn We could make the size of the
Bi,Tes and SbTe; structures on the masks 5um larger etch siderntgeasate the
lateral etch.

3.3 Conclusion

We discussed the patterning methods in this pahefeport. Shadowmasking was
not investigated, since it is not suitable for drfedtures. Dry etching Ble; and
ShyTe; by lon Beam Etching is a precise and feasible otkthut with redeposition
problem, tungsten oxide problemBe; attacked by other etchant problem, and the
adhesion problem. Finally we choose the wet etcmithod for patterning Ble;

and ShTes. Although the lateral etch is 4-5 times of thediathickness, the process is
easy to control and less troublesome. We shoulcerttak structures on the masks
larger than designed to compensate the lateral etch
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Chapter 4 Processing

In this part, the processing of the high efficiefsitier cooling devices is presented
and discussed. At first we review the challenges@otential problems for the
Bi,Tes ShTe; processing. After that, we present the set of expts that are
designed to investigate these challenges. Bas#teooutcome of these experiments,
we present the plan and the results of proceskmgdtual device wafer. At last, we
summarize the failures and the results of the m®ic@nd give a final flow chart.

4.1 Processing Challenges

As we have already mentioned in Part 1.3, the ehgls of this project are mainly in
three aspects.

The first one is the patterning of Be; and SbTes. As we already discussed in
Chapter 3, wet etching is taken as the patterniaethad, and the etchant is HCI:
HNO3: H,O =3:1:2 for ByTes and HNQ: H,O =1:1 for ShTes

The second challenge is the substrate fef &/ ShyTes, since BiTe; and SbTe;
shows very poor adhesion to normal IC substraliepsi (Si) and silicon oxide (Si).
Based literatures [7] [14], we identified silicoitride (SEN4) and polyimide (PI) as
possible substrates; however, the adhesion wasrskihown. The way to check the
adhesion is the tape test. We just deposit thermabita the substrate and apply a
piece of tape to see if the deposited layer adhasdgish we could perform right after
the deposition. The tape test is discussed inF2rt

The next problem is the passivation layer of thentoelectric materials. We must
choose a suitable capping material consideringemperature limit for Bil es/

ShyTes, which is 290 degreeC [14], and the bad adheS8ud: is out of the picture for
the bad adhesion to the thermoelectric materiabl,;®ould be an option since
silicon nitride (SiN4) can be deposited at 250 degreeC using PECVD .h&not
interesting capping material, which has not beepleyed in the similar work before,
is Parylene, with high step coverage, low depasit@nmperature and low thermal
conductivity (0.08W/m*K vs. 20W/m*K). We will compa Parylene and 4

during the process.

Another challenge that should be mentioned, wisciiso extensively discussed in
literature [13] [15], is the deposition and cryBration of BbTes and ShTes. The un-
crystallized material gives high electrical resigyi and low figure of merit Z. We
should first make sure the material is crystalliaéér deposition. If it is not, treating
with high temperature could crystallize the materia
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4.2 Preliminary experiments

Several basic experiments are designed and perfoimtais part, for example the
deposition and the uniformity of Blie; and SbkTes, the adhesion of the
thermoelectric material to the substrate, whichtnbestried out before the real
processing of the devices.

4.2.1 Deposition and unifor mity of Bi,Tes/ SboTes

The figure of merit of BiTe; and SbTe; depends on the ratio of Sb/Bi and Te. The
optimum ratio is not investigated in this studystead, a target that is readily
available has been used for the adhesion and piatieexperiments. The composition
of the targets is,

Bi,Tes: Bi 35.5, Te 64.5.

ShyTes: Sb 27.5, Te 72.5.

Deposition takes place by sputtering at room teatpee, but the substrate would get
warm for the impact of the target atoms. The maxint@mperature of the substrate is
60 °C for 1 um deposition, which is low enough taka sure that the deposition of
the second thermoelectric material would not affeetfirst material. The deposition
pressure is 4.1e-3 mbar, and the deposition i8.4t18V.

The diameter of the Bl'e; and ShTe; targets is only two inch, so the target spins in
the chamber during the deposition. As a resultgeqeosited layer is not uniform
everywhere, but like a CD-disk, as shown in Fig 4.1

4 3cm uniform band  3cm uniform band

ssauwydIy) uonisodag

v

Position along diameter
Fig 4.1 left: 6-inch wafer and the orbiting 2-inanget, right: thickness of the
deposited layer vs. the position along the diamaftéhe wafer

After deposition, the uniformity is checked. Sirtbe cases for Bie; and ShTe; are
similar, BiTes is taken as an example. We started with a waftdr malf Pl and half
TiW substrate, and depositBe; on the wafer, in order to see the adhesion gf &i
on Pl and TiW. We used the 4 point measurement madhimeasure the sheet
resistance at 49 different positions on the wafgtomatically, and since the sheet
resistance is related to the thickness of the Jalerthickness could easily be known.
The result of the 4 point measurement machine FSgré.2.
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Fig 4.2 map of the sheet resistance on the wafasured by 4-point measurement

There are two parts in Fig 4.2, which are dividedh®ycentre line. The left part is
polyimide+TiW+ BpTes, which is of lower and uniform sheet resistandee Tight

part is polyimide+ BiTes, which is of higher and non-uniform sheet resistan

The sheet resistance of the right part of wafer imesolarger towards the edge of the
wafer, since the sheet resistance is proportianaid.

This result is not as expected, as it is supposedrsist of a uniform band like a CD
disk, and thinner layers at other positions. Apptyethe opening angle of the sputter
target is quite large, so the centre of the waf@ontinuously exposed while other
parts are only exposed when passing the target.

The sheet resistance of,Be; layer is between 17.6 and 30.64 Ohm/Square, if we
apply the resistivity value of Bie; 12.6 uOhm*m (Table 1.1), the thickness of the
layer is between 0.42um to 0.74um, which variesoalm00%, resulting in poor
uniformity.

A simple measurement to determine the sign of teh8ck coefficient is

performed here using a heated needle. One probeeqrobe station is heated at the
power 1.9W, and the output voltage between thepebes is measured. For,Bes,

the output is 4.5~5mV, and for Gles, the output is -6~-17mV. The result tells us the
sign ofa value of ByTe; is opposite to that of Sbes.

4.2.2 Adhesion testing

The adhesion of BT'e; and SbTe; on PI, SiN4, photoresist (PR), and TiW is
checked with the tape test. When we stick the tapthe wafer and pull up the tape
from one side, the top layer would come off frora Whafer, if the adhesion is not very
good. If the adhesion is good, the tape would nogthe top layer off.

The results are listed in Table 4.1.

-41 -



Table 4.1: tape test result

SizN4 Pl PR TiW
BisTes Good Good Came off Good
ShTes Good Good Not measured Good
TiW Good Good Not measured Not Measured
4.3 Flow plan

The general flow of the process is first to coaypoide or silicon nitride as the

substrate, then to make the bottom TiW electrodes ta make the structure of th& 1
thermoelectric material, then intermediate layad 4 thermoelectric material, after
that the basic device is finished, which is cappegd passivation layer. Then the

metal bondpads are made on top of the wafer, anth#t step is to etch through the

wafer from the backside. The process is also derrairstin Fig 4.3.

(1) coat Pl or SIN as substrate

(2)deposit TiW

(3)pattern TiW as electrodes

(4) deposit I material

(5) patterning T material

L]

(6) capping the intermediate layer
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(7) opening windows for the"?material

(8) deposit the ¥ material

(9) patterning the™ material

i ]

(10) coating the passivation layer

(11) opening contact of the metal bond pad

(12) depositing the metal layer
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(13) patterning the bondpads

(14) back etching E E

(15) final devices

Fig 4.3 steps of the process flow

According to the adhesion and the etching methodigeussed in Part 3.2, polyimide
and silicon nitride could be used as the substRab/imide is also needed for nitride
substrate wafers for supporting the device aftekleching, and 3N, could be
deposited on top of polyimide as the nitride sidistrThe patterning method is wet
etching. The intermediate layer could beNgfor its good adhesion and nice capping,
or photoresist, which is low temperature procesgrdlare also two options for
passivation layer, the Parylene angNai Attention should be paid to Parylene, since
it has not been used for similar devices beforeylBae is a polymer with low coating
temperature and excellent step coverage, and andlily a low thermal conductivity,
which is necessary for high efficiency thermoeleatievices.

The materials mentioned above can be divided intotypes, the polymer and the
silicon nitride. The plan is to process the wafeithwitride substrate, nitride
intermediate layer and nitride passivation layed the wafers with polyimide
substrate, photoresist intermediate layer and Pagypassivation layer. These wafers

are taken as the pioneer wafers. After processiegyill try to conclude which group
is better or we combine the best materials and radk®al flow chart.

4.4 Initial flow chart and processing

Based on what we have discussed, the initial flbartcis shown in Appendix D-1.

Special Details in Design (marked as A, B...in Appzrigtl) is explained as follows.

-44 -



[A] Before the deposition of Bl'es and SbhTes, a prebake step is needed to remove
the water in the substrate polyimide, since theeweduld evaporate in the following
steps and destroy Hie; or ShTe;. The prebake step could be taken on the 150
degreeC hot plate for 5mins.

A sputter etch step is also needed to remove thealaxide layer on the surface of
TiW electrode for better adhesion and lower comntasistivity.

[B] The nitride is deposited in the Novellus machai€50 degreeC, which is lower
than the recorded evaporation temperature of Teeglerhe thinner the nitride is,
the lower the thermal conduction is. But the detmsiof SgN4 at 250 degreeC is not
precisely controlled; 100nm is the thinnest thidsyeve could get.

[C] Because of the natural oxide layer on top of Tel&ctrodes, the sputter etch is
needed before the Al deposition for better contact.

The problems we met in the process are as folloss,raarked as 1, 2, and 3 ...in
Appendix D-1.

[1] After the TiW layer is deposited on polyimidegte are some black ring shapes in
the layer under the microscope, shown in Fig AMa.also checked the layer under
the SEM, shown in Fig 4.4b. The surface of TiW lagesmooth, and the rings are all
covered by the metal layer. The rings are causatidwrinkles on polyimide, and
TiW layer is just following the polyimide surfacerfectly.

—— —— | [a] N —— | [b]
Fig 4.4 the rings on the TiW layer [a] under thermscope, [b] under the SEM

[2] The dry etching for TiW gives precise structyrest the F- or Cl- based etchant
also attacks giN4. So the TiW layer with SN, substrate could not be etched by RIE.
The original TiW layer is 200nm, as we designed. Stepheight of the wet etching
TiW is 145nm, and the stepheight of the dry etcfiiy is 270nm. The layer
becomes thinner after the wet etching becauseedftiral etch of the etchant and the
peeling off of the photoresist, while it becomeskbr after the dry etching since the
polyimide substrate is also impacted by the RIEatth(The layer doesn’t become
thicker, the step is higher)

To protect the substrate, we decide to use the toking method. If the TiW layer is
increased to 250nm, the layer thickness after egctvould be around 200nm, as we
designed.

[3] The etching time for Bil'es is 1min (continuous) with the lateral undercut hb6u
(at the edge) and 7um (in the middle), and 55s&sgd step) with the lateral undercut
9um (at the edge) and 7um (in the middle). The etgmocessed in such a small bath
that the refreshment of the etchant at the cerittieeowafer may be insufficient, so
the etching takes place from the edge of the waféne centre, prolonging the
etching time, causing the lateral etch of the adgeh larger than what we got in Part
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3.2, and also larger than the centre. If we prottessvafer with 15sec step, meaning
we take the wafer out every 15sec, the lack oktbbhant at the wafer centre could be
compensated by the flow of the etchant, and theirggds more uniform through the
whole wafer.

[4] When we strip the primer ongBl, for the photoresist in the developer, 70% of the
Bi,Tes structures come off into the development bathywshim Fig 4.5. The reason
may be the pinholes in the;Bi, lead the developer to the,Be;. 100nm SN, seems
not enough, we could try 100nmlSi at 250 degreeC + 500nmzSj at 300 degreeC,
and remove the primer by,@lasma instead of development bath.

Fig 4.5 structure attacked by the developer whestwe the primer

[5] The ShTes etching takes 2min 30sec for the polymer wafer4méh for the
nitride wafer, excluding the time dipping the waiieto the wafer. The latter wafer
takes more time because the concentration of tiast is lower due to the
consumption of the etchant and the water broughhéydipping. The lateral etch is
4.32um and 3.49um, which are as we expected. ThEeSbtching is better than the
Bi>Tes etching in the process from the aspect of latemadkercut, shown in Fig 4.6.

Fig 4.6 structure with patterned,Be; (left) and SbTe; (right) after wet etching
ShyTe;, with intermediate photoresist covering Bis

The SEM pictures for BTe; and SbhTe; after the wet etching are shown in Fig 4.7, of
the structures on the wafer with photoresist intstiate layer. The photos are taken
after the removal of the photoresist. There is rdaposition at the edge of the
structures, and the edge is smooth. FeT & the lateral undercut is large, and the
partly etched area seems floating. It looks thaT&ilayer cracks along the edge of
TiW, but when we zoom in, the layer is still conregttFor SbTe3, the partly etched
area is smaller.
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Fig 4.7 Top & bottom

eft: BiTe;; bottom right: SpTes

Some of the remaining Blies structures on the nitride wafer, as we described i
problem [4], come off after the etching. Only 10%T; structures are left. In
contrast, all BiTe; structures on the wafer with Pl substrate andqgriestst
intermediate layer are still on the wafer.

[6] The photoresist, probably the intermediate pregist, could not be removed by
acetone strip. One access step of 47min acetokecso# not remove the photoresist
either, as shown in Fig 4.8. The problem could la tine sputter etch destroyed the
photoresist.

Fig 4.8 photoresist residues on the fef,ivilhiahd:uot be dissolved in acetone

To remove the unsolvable intermediate photoresistG plasma strip in the Fusion
machine is employed. The etching rate fapasma at 90 degreeC is rather slow. To
increase the etching rate, we employed th@l@ma at 120 degreeC. The high
temperature causes high stress in the TiW layeu]theg in wrinkles and cracks at the
corner of the TiW structure. The narrow lines of Té&en come off the wafer and
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curl up, as shown in the SEM pictures in Fig 4.Bviously, 120 degreeC is too high
for TiW structures. The temperature of thegasma should not be over 90 degreeC.

¥ SpotMagn Det WD Exp p———— 5um AccV SpotMagn Det WD Exp pb—————— 100um
V20 10000x SE 132 1 500kv20 800x SE 1401

Fig 4.9, left: cracks in TiW after 5min of 120 deg@®Q plasma; right: TiW curls

After trial on other wafers, the suitable methoddamove the intermediate photoresist
is 110min Q plasma @ 90 degreeC.

[7] When we develop the photoresist to patterntidé, BpTes structures and the
ShyTes structures under the 500nm Si©100nm SN, layer come off into the
development bath. This time we are sure the cappicgness is enough, maybe the
pinholes and the poor adhesion are the problem.

[8] After the wafer is coated Parylene, the baoksids also covered by Parylene
even through it was not planned. If we coat phatigteAZ9260 on the backside
without removing Parylene, bubbles would come upnduthe exposure under
Parylene. It may be because that Parylene relgasasnder the light, and the gas
goes under the Parylene since the adhesion befdagtene and the oxide on the
backside is not good enough due to the lack opthreer. The bubbles not only
happened under the high density exposure, butualder the light of the microscope.
We could easily observe the forming of the bublsidar the microscope, shown in
Fig 4.10. The Parylene should be removed with aekaiifd a tape before coating the
photore5|st on the back S|de

m‘%

F|g410photos of thebubblunr the sallbub (I grows bigger
(right) in a few seconds

[9] When we develop the photoresist AZ9260 for bside deep etching, it is
necessary to coat the front side of the wafer witter photoresist since Al bond pads
reacts with AZ 400K, the developer for AZ9260. Th®iwresist also protects the
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structures, since Bie; and ShTe; structures tend to peel off in the developmenih bat
as we observed in problem [5].

[10] The one hour hard bake for AZ9260 is to evafmtie solvent in the photoresist,
since we have experience that a wafer without bak# got many random holes
during the deep etch because the UV in the dedypcatgses the solvent to explode.
Half an hour hard bake would also work.

Some other experiment results:
[1] The wet etching time for TiW, Bies, SkhTes, and Al for the experimental wafers
is listed in Table 4.2 as a reference for furtheeaech on this project.

Table 4.2: etching time of materials on differenfava

#1 #2 #3 #4 #5 #7 #8
Tiw 8'05" 8'05" / / 8'48” 8'48" 8'30"
Bi,Tes | 1 3 55" 1'10" 1'45" 2'15" 2'50"
ShTes | 4 2 2'30" 2'15" 1'57" 2' 1'50"
Al 12'25" 12' 13'11" 10'40" 10'20" / 13

[2] We tried two cases, one of which is to firsabeith Bi;Te; then SbTe; and the
other of which is to first deal with $be; then BpTe;, and there is no significant
difference between the two cases.

[3] On the wafers with nitride intermediate layarsl nitride capping layers, the
Bi,Te; and SkhTes structures peel off heavily, the yield of somelre wafers is

almost 0. The peeling off of the structures alwagggens at 1), removing the TCPS
primer for intermediate g\, layer, 2), etching the second thermoelectric nedter
when the first material also comes off, 3), develgphe photoresist for Al bond pads.
It seems that there are pinholes ig\gaj through which the chemical contactsBi;
and ShTe; and attacks them, since the peeling off happetisetstructures
underneath the nitride after the deposition @gNgi The thickness of the nitride is not
the reason of the pinholes, since for the thiregectee capping layer is 100nmISi +
500nm SiQ, which is quite thick.

Strangely, while the tape test shows the good aatinesnd the developer did not
attack the material when we patterned it, justradtee SiN4 capping layer, the
characters change a lot, the adhesion becomesabthe thermoelectric material
becomes easily attacked. In contrast, the strustomehe wafers with photoresist and
Parylene stay wellThe peeling off may be not caused by the baN.Sayer, but
because the high temperature or the chemical ppdoeshe SiN, and SiQ

deposition in Novellus machine affects or dest®id e; and SbTe;, although the
deposition temperature of 250 degreeC is relatil@ly If this is the case, the
deposition temperature of38is and SiQ needs to decrease even more.

[4] On the wafers with photoresist intermediateeldyand Parylene capping layers,
the BLTe; and ShTe; structures are well patterned, without peeling dfiwever,

after the sputter etch and the deposition of Ad, Barylene layer becomes rough, and
the adhesion between Al and Parylene is so badtftaatpatterning, all Al structures
delaminates only connecting to TiW at the bond patle Parylene layer is also
destroyed, causing Hie; and SkTe; structures attacked by the Al etchant. A
structure covered with Parylene is shown in Fid.4dh which Al was deposited then
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removed since the layer was too rough. We couldsmzks in Parylene and Sies

layer clearly. The device is also checked undeStEbl, and the photos are in Fig
4.12. In the photo, there are cracks in Parylehehich the surface is not smooth,
and the covered metal exposes at the cracks.

The reason why Parylene is destroyed so badly isméardered the normal power

Al deposition, which goes to high temperature dyitime deposition and destroyed the
Parylene layer. The solution may be to deposit thiayer using low power.

strdygth

.V SpotMagn AccV SpotMagn Det WD Exp j—————| 1004m
500KV 30 650x TLD53 1

1w e

 AccV SpotMagn Det WD Exp — | 20mm
T 500kv30 3500x TLD53 1

Fig 4.12 SEM photos for the destroye Payleneaserf

In conclusion, starting from the initial flow chaseveral wafers in two groups, the
nitride group and the polymer group, are processkxbt of the problems we met are
solved, for example, the irremovable photoresisittiie bubbles in the photoresist for
back etching. However, the peeling off problemhaf hitride wafers, and the Al
deposition problem of the polymer wafer are stilt solved, although possible
solutions are brought up.
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4.5 Final flow chart and recommendation

The final flow chart for the wafers with nitride sitate, nitride intermediate layer,
and nitride passivation layer and the wafers wilyimide substrate, photoresist
intermediate layer and Parylene passivation lagyshown in Appendix D-2.

The wafers with nitride have a low yield, sinceBg; and ShTe; structures tend to
peel off in the chemical bath, including the depelobath and the wet etchant bath,
after capping SN4. We could replace the development bath for remot/#te primer,
but we could not avoid the etching of materials daedeloping of the photoresist.
From this point of view, the approach with internagtel photoresist and Parylene is
much better, since no peeling off happens on theders. However, the deposition of
Al on Parylene causes cracks and rough surfacarafiéhe, we could try to deposit
the Al using low power. The deposition of Al onl8) is of no problem. For
metallization step, the $i, approach is better.

To sum up, from the process aspect, we would like¢commend the photoresist
intermediate layer, and Parylene passivation ldyeoes not matter if the substrate is
polyimide or SiNy.

The five wafers we processed are listed in Table#h8re are two wafers with 38,
wafer #1 and #8, with the yields zero. The two waigith polymer, wafer #3 and #4,
have higher yields, 100% and 70%.0n wafer #4, thdefosition destroys Parylene
so badly that we have to leave this wafer withoutlAere is another wafer, wafer #7,
with SikN4 intermediate layer but Parylene capping, withyileéd of 60% and without
Al layer. For wafer #3, there seems an oxide I@penewhere in the device that we
need to breakdown in the measurement, and unfdgiyrihe devices are not
functional. Wafer #4 and #7 are functional.

Table 4.3 five wafers which are processed

Substrate| Intermediate laye€apping| With Al?| Yield (%)
#1 | SisNg SisN4 SikNy Y 0
#3 | Polyimide | Photoresist ParyleneY 100
#4 | Polyimide | Photoresist ParyleneN 70
#7 | SisNg SizNyg Paryleng N 60
#8 Si3N4 Si3N4 Si3N4 Y 0

4.6 Conclusion

The main challenges of the processing the Peltigicds based on Bie; and SbhTe;
are the adhesion, the patterning method, and {hgirog layer. First we checked
adhesion of the materials to;8; and polyimide by the tape test. Then the depasitio
and the crystallization of the Hie; and SbTe; are discussed. After that, we studied
the several patterning methods, and decided owdéhetching. We met some
problems when we processed the wafers in two grabpaitride group and the
polymer group, according to the initial flow chavtost of them are solved. The
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structures on nitride wafers peel off severely, tiedAl deposition on the polymer
wafer kills the Parylene layer. We recommend tleeess flow with polymers, and
we could improve it by depositing the Al layer witdw power.
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Chapter 5 Measurements

The devices are characterized on the wafer usingepstation and a thermal camera.
First some characters of the material are meastoedxample, the sheet resistance,
the contact resistivity, the Seebeck coefficient the total resistance of the device.
Then the cooling is checked under using the crosststes in Fig 2.18. Also, the
cooling temperature is measured with the thermalera. Based on the
experimentally determined material parameters, imelate the device in COMSOL
again, and the simulation result is compared wWithrheasurement result.

5.1 measurement setup

The parameters of Blie; and SbTe;s, for example, the sheet resistance, the contact
resistivity and the Seebeck coefficient, are meaon a probe station, using a
multimeter and a curve tracer.

5.1.1 Sheet resistance.

For the sheet resistance we use the so-called ®aRaliw structure in Fig5.1, if we
apply a current through the left two bondpads, measure the output voltage for the
right two bondpads, the sheet resistance of theecematerial is calculated as follows.

\Y/
R = 4.53—I
Applied current Output voltage

N

Fig 5.1 Van der Pauw structure to determine shes$tance

The results of sheet resistance are in Table 5.1.

Table 5.1: sheet resistance of Bd; and SbTe;

Sheet resistance(Ohm/square)
TiW 3.6
Al 0.2
Bi,Te; (literature) 12.6
ShyTes (literature) 12.6
First BbTe; Bi,Tes (centre)| 21.2] ShyTes (centre)| /
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Then SbTes Bi;Te; (edge) | 27 | Sfe;(edge) | 56

First ShTe; Bi,Tes (centre)| / ShyTes (centre)| /
Then ShTes Bi,Te; (edge) | 27 | Siie;(edge) | 63
First BiTes Bi,Tes (centre)| 19 | ShTes (centre)| 74

Then 250~300 degreeBi,Tes (edge) | 28 | SiTes(edge) | 76
Then SbTes

Average BiTes 24 ShTe; 67

The values listed in Table 5.1 are mean values, gedraver typical 4 devices per
location on the wafer. ‘/’ means the test strucdusere not functional. The literature
values of BjTes and SbkTe; are calculated as follows.

=—=————=12.60hm
RJ m

According to the result, it does not matter if weqess with BiTe;s first or SbTes

first. Apparently, the high temperature processsdus affect the sheet resistance.
The sheet resistance of bothBa; and ShTe; are higher than the literature value. In
particular for SbTes, the measurement value is three to four timeditdrature value.
The higher sheet resistance is most likely duedddht that the composition differs
from the materials in the literature. Also, becawseuse sputtered thin film materials,
the layers might not be fully crystallized. We tdke average value as the sheet
resistance, which is 240hm/Square fofT&s, and 670hm/Square for Sles.

5.1.2 Contact resistivity

The contact resistivity is measured using the steddelvin structure in Fig 5.2. The
current is applied through two adjacent bondpand,the voltage is measured from
the other two bond pads. The contact resistancealdsilated as:

Vv
R =|_ .
The contact resistivity is:

R =

| *w

/i-:l Output voltage

Applied current l

Output voltage

- [a] [b]

Fig 5.2 [a] the demonstration of the contact resise measurement, [b] classical
Kelvin structure for contact resistance measurement

The contact resistance and the contact area aad lisfTable 5.2.

Table 5.2: contact resistance fopBi; and SbTes to TIW
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Material Resistance(Ohm)Area(um)| Contact resistivity(Ohm*um”2
Bi,Tey/TiW | 0.7 52*58 2111

Bi,Tey/TiW | 0.6 148*143 | 12698

ShTeyTiW | 13 14*29 5278

ShTes/TIiW | 9 44*57 22572

ShTe/TiW | 7 85*98 57715

ShTes/TiW | 1.3 136*149 | 26343

The contact resistivity should be a constant, beirésult varies a lot. There are two
possible reasons. The first one is that for smaitads side effects at the
circumference of the contact area might dominagectintact resistance. For large
contact areas these side effects can be negldotthe circumference scales
linearly with the contact dimensions whereas thetact area scales quadratically
with the contact dimensions. So the contact rasigtaloes not change much with the
contact area. The second reason could be the sh#pe Kelvin structures. Usually, a
Kelvin structure is designed as in figure 5.2b mak the current flow is in a straight
line. We deliberately chose our structures asgargé 5.2a to avoid the influence of
misalignment on the contact area, which could @dystde present in the hard mask
concept. However, now the current flow should faila curved line which might
result in an apparent contact area that is smihléar the geometric area. We take the
average value for contact resistivity, which is Z¢&bhm*um”2 for BjTes/TiW, and
27977 ohm*um”2 for S es/TiIW.

5.1.3 Deviceresistance

For the devices, the resistance from one bondpaddther contains the following
parts, 1 & 5 & 9, the TiW electrodes, 2 & 4, thentaxt resistance between TiW and
ShyTe;, 3, ShTes, 6 & 8, the contact resistance between TiW and &) 7, BiTes,
shown in Fig 5.3.

Fig 5.3 the nine parts in the device to form thalteesistance from one bond pad to
the other

The final size and the resistance of every patigsve in Table 5.3

-55 -



Table 5.3: calculation of total resistance basethersize and measured resistivity

L 1 3 5 7 9
Size(um/um) 205/40 895/825%0/840 | 888/821 205/40
Sheet resistance(Ohm/Square) 3.6 67 3.6 24 3.6
Resistance(Ohm) 18.5 72.7 0.2 26 18.5

2 4 6 8
Size(um*um) 825*85 825*75 | 821*78| 821*78
Contact resistivity(Ohm*um”2) 27977 | 27977 | 7404 7404
Resistance(Ohm) 0.39 0.45 0.11 0.11
Total resistance(Ohm) 136.96

M 1 3 5 7 9
Size(um/um) 480/80 480/41(0/420 | 467/398 480/80
Sheet resistance(Ohm/Square) 3.6 67 3.6 24 3.6
Resistance(Ohm) 21.6 78.4 0.4 28.2 21.6

2 4 6 8
Size(um*um) 409*55 410*68 | 398*60| 397*49
Contact resistivity(Ohm*um~2) 27977 | 27977 | 7404 7404
Resistance(Ohm) 1.24 1 0.3 0.4
Total resistance(Ohm) 153.1

The biggest part in the total resistance is thestasce of Si¥e;. The total resistance
we measured on the probe station is 0.15K~0.37K @warage 0.25K) for the big
structures, and 0.18-0.31K (average 0.22K) fomti#dle structures.

On average, the total resistance we measuredrges khan calculated. The
additional resistance comes from the contact @sigt between the probes and the
bond pads, and the error of the contact resistfertyBi, Tes/TiW and for SbTey/TiW.

5.1.4 Seebeck coefficient

The structure in Fig 5.4 (also in Fig 2.19) is usetheasure the Seebeck coefficient.
It comprises a thermocouple, a heater and two @wmi resistors to measure the
absolute temperature at both sides of the thernpeokirst, the temperature
coefficient of the resistance of aluminium is detered. This is done with the use of a
probe station which could control the temperatudrde wafer with a heated chuck.
Since Al has a positive temperature coefficienticlwimeans the resistance of Al
resistor increases with increasing the temperateezould determine the temperature
difference by measuring the resistance differerlemce we could heat one side of
the thermocouple, and the temperature differenfegres to the resistance difference
and the output voltage are known. Then the Seehmsffticient can be calculated.

IL

Fig 5.4 the layout of the structure for combinee Sk coefficient measurement
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At first, the chuck is set at different temperatwnath the heaters off to gauge the
resistance of the Al resistor on the membrane.réhelt is listed in Table 5.4. The
output current decreases 1mA with the temperahaeasing 5 K when we apply
1mV to the Al resistor. The current in the resisisrshosen such that self-heating is
kept to a minimum. We can also see from Table Satlttie output current is quite
sensitive if we move the needle, because the agsistof the Al resistor is rather low,.
Consequently, the contact resistance between #dlenand the Al bondpads affects
the total resistance.

Table 5.4: V-I relation of the resistors

Temperature(DegreeC)10| 15| 20| 25| 30| 35| 40
Appliedvoltage (mV) | 1| 1| 1| 1] 1] 1 1

Output current (UA) 7170|69| 68| 67| 65| 61(needle moved)

In the next step, we keep the chuck at 15 degradCtine heater off, so all the
structures are at 15 degreeC, and we measuredistaree of the Al resistor. Then
we apply 5.4mA current for 5 sec to the heater,thed measure the resistance of the
Al heater and the open loop output voltage of kieerhocouple. The result is listed in
Table 5.5.

Table 5.5: input currents and output voltages withhlieater on and off

Current(heater off) 43.9uA

Current(heater on) 42.8uA

Output voltage(heater off) 65uV

Output voltage(heater on) 1.47mV

The 1uA change in the current shows the temperditference between the on and
off status of the heater is about 5 K. The outpltiage due to the Seebeck effect is
1.47mV-65uVvV=1.41mV.
The combined Seebeck coefficient is calculated as

1.41mV
a EK 282N /K.
Comparing with the literature valag,, = 0 res — i ez =188+ 248= 436V K ,

the Seebeck coefficient of the materials we usdterexperiment is much smaller
than the literature value. The reason may be lthieatnaterials we used are thin films
but not bulk materials, 2, that the material iswetl crystallized, 3, the materials are
attacked by the high temperature or the etchant.

Since the contact resistance between the needltharmbnd pads affects gauging the
resistor, the result is not quite accurate. A wayrtprove this is to measure the
Seebeck coefficient with similar method after dicamd bonding the wafer to avoid
the changing of the contact resistance.

5.2 Results

The refrigeration ability of the device is checkettbe probe station with the
multimeter using the cross structures, and theimgoémperature is measured under
the thermal camera. The device is simulated agaimtive program COMSOL,
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considering the parameters we measured, and theasion result is compared with
the measurement result.

5.2.1 M easur ement of the cross structure

The cooling performance of the devices is determorethe probe station with the
cross structures shown in Fig 5.5. When the cuiiseapplied through the top two
bondpads, the central electrode will absorb orasseheat due to the Peltier effect,
causing the temperature to increase or decrease. thie output voltage due to the
Seebeck effect is measured at the bottom two balsdsdowing how much the
central electrode cools or heats.

Input voltage

Output voltage
Fig 5.5 Test structures to measure the coolingop@idnce of the thermocouples

The highest output voltage we could get due to dwdirng is 0.94mV for the input
voltage 1.2V (input currett=1.2/ /0.3 Ohm= 3.6A, the resistance is the
average of measured value). On average, this lsaground 0.2mV, with the input
voltage around 0.6V (input curreht=0.6v /0.3KOhm= 1.8A).

According to the combined Seebeck coefficient weig®art 4.1, =282V /K,

the maximum cooling temperature could be calculated

AT . :! :—0.94mv =3.3K
a 282V /K
and AT, :! :—O'va =0.7K
a 284V /K

The maximum cooling temperature is much less thaexpected.

5.2.2 M easurement of the cooling devices

The cooling performance of the devices is also nreasunder the thermal camera.
The thermal camera has a resolution of 0.1 degrde@ever the result is affected by
the emission factor of the different materials lo& wafer, so seeing through the
thermal camera the temperature of the differenenals is not the same.
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In upper row of figure 5.6 three thermal imagesdepicted; one for zero input power
(left), 1V (with the currenk =1V /0.2K = 4.%nA, the resistance is from Part 5.1) in
cooling mode (middle) and 1V in heating mode (opgeosurrent flow) (right). In the
two rows below line plots along the centre of tkeide in vertical and horizontal
direction are given. In cooling mode, the tempaetloes not change with increasing
input voltage at first. However, when the inputigher than 0.5V, the device
temperature starts to increase with the input geltdf we apply the input with
opposite polarity, the temperature increases as asave apply input voltage. The
heating point is at the bottom left corner of thght material (SpTes), and the contact
area of the central electrode with both the materidnfortunately, we could not
observe cooling with these devices, when it shoolal, we only see the jitter of the
temperature profile. One possible problem is tiseltigion of the microscope is not
good enough. Of course the cooling is not stroraugh either. The temperature
difference is only 1.5 K at 4.5mA input. The tempera difference just eliminates
the effect of Joule heating, and is twice the eaptemperature. So the cooling
temperature at input 1V is only 0.75K, which is mdower than we expected.

The reason why the cooling is much smaller tharsttmeilation result is that 1, the
simulation is under the thermal isolation conditiand the air also conducts heat
from the cooling part to the heat sink, 2, the Seklroefficient is lower than
literature, 3, the resistance of,$b; is much higher than expected.
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Fig 5.6 list of the result of thermal camera
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5.3 Simulation result vs. Measurement result

Based on all the parameters we have got in therempet (see table 5.6), we could
simulate the device again. We measured the coml3rebteck coefficient as
282uV/K, and we assume that the ratio of the vdu@i,Te; and ShTe; is the same
as in the literature, which is 248: 188. Hence ake=t160 uV/K as the Seebeck
coefficient of BpTes, and 122 as of $bhe;. We employ the cross section model in fig
2.1, considering the Joule heat of the contacstaste, and change the passivation
layer to 1.1um Parylene with 0.2 W/(m*K), as in fir@cessing.

Table 5.6: measured value of Seebeck coefficientresidtivity

Alpha_bite(uV/K) 160

Alpha_sbte(uV/K) 122

Rho_bite(Ohm*um)| 24

Rho_sbte(Ohm*um) 67

The simulation result is shown in Fig 5.7

I{(#)=3e-4 Surface: Temperature [K] Max: 273,313
4 |( >

|

273

2725

r 127z

r e7is

r 127t

[ 2705

270

269.5

T
v

4 5 8 7 ]
e Min: 269,122

Fig 5.7 the simulation result of the model withtal parameters we got from the
measurement

The minimum temperature is reached at an input otioe0.3mA, and the minimum
temperature is 269.122K. The maximum temperaturp gronly

AT =273.1K - 269.12R = 4.028. The initial results presented in chapter 2
showed a minimum temperature of 240.204K whichesponds to a temperature
drop of 33K.

Clearly, the maximum temperature drop decreasesfisigntly when we change the
Seebeck coefficient and the resistivity of the theelectric material. This can be
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understood when considering the equations for theimum cooling temperature:

m

_ 2
AT .. =%ZTC2 with Z =%, which indicate that the maximum cooling power

is inversely related to the electrical conductapicthe stack and quadratically with
the Seebeck coefficient.

All the models we have simulated are in the coaditf thermal isolation at the edge
of the devices. However, the real measurementpeaafermed in air, but not vacuum.
The heat conduction through the air also affectsghgerature difference due to
Peltier cooling. Hence, we add 300um air undercti@ing device and 200 um air on
top of it, and simulate the model again to seeeffect of the air conduction. The
result is shown in fig 5.8.

I(4)=3e-4 Surface: Temperature [K] Max: 273,34
x4 | >

2]

273.2

273

[ 2728

i ]

[ 2724

[ 272z

272

271.8

— b 2716

4 5 & % i}

w1 Min; 271 54¢

Fig 5.8 the simulation result of the model consitgthe heat conduction of air

The minimum temperature is 271.549K. The temperattop decreases more when
we take the air conduction into account. The maxinbeimperature drop is,

AT =273.1K - 271.548 = 1. The air consumes more than half of the
temperature difference.

The maximum temperature drop we could get in thesomeanent is 3.3K, 0.7K and
0.75K, according to the measurement results, wisichore or less the simulation
result in Fig 5.8. The low Seebeck coefficient, liigh resistance and the air heat
conduction are the reasons for that the coolingpeFature is not as much as we
expected.
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5.4 Conclusion

We have characterized the materials. The sheetarsesof Al is 0.2 Ohm, TiW 3.6
Ohm, BpTe; 67 Ohm, Splre; 240hm. The contact resistivity of Bies and SbTe; to
TiW vary much, and we take 7404 Ohm * um”2 fogTes and 27977 Ohm * um”"2
for SkTes. The combined Seebeck coefficient is 282 uV/K. Toeliag is measured
on the probe station on the cross structures withl@ulated cooling temperature 3.3K
and 0.7K, and under the thermal camera with a cgaémperature of 0.75 K at 1V
input. The device is simulated with COMSOL againhviiie measured value of the
resistance and Seebeck coefficient, and the maxioaoting temperature is 4.028K,
and 1.6K for the model considering the air conadurcti

The low cooling effect is caused by thermal conducthrough the air, the low
Seebeck coefficient and the high resistivity.
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Chapter 6 Conclusion

The Peltier effect describes that if we put two aandrs together and make a
junction, heat would be generated or absorbedegutiction depending on the
polarity of the injecting current, which means ttat could realize the heating and
cooling function using the same device only by rewvey the supply current. An on-
chip cooling device based on Peltier effect isglestl and fabricated in this project
for the application of a C{sensor. High figure of merit materials,Bé; and SbTes
are employed as the thermoelectric materials. Hewthere are challenges to pattern
and to fully cap the materials, and the adhesidBigife; and SbTe; to the substrate
is a problem.

The thermal profile is first simulated using theta@ire COMSOL, using the cross
section model and the top view model, in orderamgnsight in the design trade-offs
of the cooling device and to decide the optimalatision of the devices. According
to the simulation result, a set of mask is designdtie soft ware Cadence, including
three sizes of devices, the test structures tamate the parameters of the material
and to control the process, and the alignment mswrke

Several preliminary experiments are performed term&ne the best substrate
material by the result of the adhesion test, inciwliest polyimide and silicon nitride
gives nice adhesion, and to determine the etchietfpodl of BjTe; and ShTes. Much
effort is paid to pattern the material. We discds$e shadow mask method, which is
not feasible at last, and the dry etching methotbhyBeam Ester, using photoresist,
W or SgN4 as hard mask, but the result is not satisfacteinally we decide to use
wet etchant HCIl: HN@ H,O =3:1:2 for B}Tes and etchant HN® H,O =1:1 for
ShyTe;, although the lateral undercut is 5 times thekitéss of the etched layer,
which is quite large.

Two types of processes are designed and proces$ee cgieanroom, one of which
employs all polymer materials, which are polyimgidstrate, photoresist
intermediate layer, and parylene as passivatiogr]and the other of which uses all
SisNgy, including nitride substrate, nitride intermediktger and nitride capping layer.
Attention needs to be paid to Parylene, which ien@sed in similar devices before,
and it is a polymer with low deposition temperafuecellent step coverage, and low
thermal conductivity, which is very suitable todygplied in thermoelectric devices.
During the processing, the structures tend to p#éh to the solvent, which means
the adhesion and the capping are still problemguRately we got 4 wafers with
working devices eventually.

The devices are tested on the probe station and tiiel¢hermal camera. A
maximum cooling temperature of 3.3K is observed. pitmblem is the thermal
conduction of the air, the low Seebeck coefficemd the high resistance. Further
research should focus on the thin film thermoeiectraterials with improved
Seebeck coefficient, electrical conductivity andteat.

The project is finished in Philips Research, Einditov
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Appendix A

Shadow mask patterning

The shadow mask is the mask we put on the wafeevdapositing. There are
patterned holes on the shadow mask, and the mateoaly deposited at the position
of the holes, as shown in Fig 1. The deposited &treds very smooth at the edge,
allowing good step coverage for subsequent layers.

Bi2Te3/Sh2Te3 deposition

| A A A
s s
]

Fig 1 demonstration of the deposition with a shadwoask, resulting in patterned
structures directly after deposition

Since we employ a six-inch silicon wafer in thegass, it is logical to use another
six-inch silicon wafer as the shadow mask to avbermal expansion effects.
However, the thick wafer makes the viewing angléhefstructure to the target small,
causing thickness differences between the smalbandtructures, shown in Fig 2a.
This problem could be solved by opening addition&rtapping shallow holes where
the structures are, improving the viewing anglestasvn in Fig 2b.

| ~_ F
S N

———xX

[a] [b]

Fig 2a: the different viewing angles for the holath different sizes on the shadow
mask, causing non-uniformity, Fig 2b: the viewinmgkes are the same with thin
shadow mask

We could first pattern the backside of the wafezhehrough the wafer with 2 steps
of deep etch from the backside, and use the fidetas the shadow mask. The
detailed process is, as shown in Fig 3, (1), cgatimlyimide on the front side of a
wafer with silicon oxide on both sides, and polydmicould support the wafer and
release the stress during the Deep Si etch, {@atterning of photoresist, opening
the oxide for the structures, (3), etch part ofdtiieon, (4), 2° patterning for the big
shallow holes, (5) etch through the wafer usingP®ieEtch, and the etching stops at
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silicon oxide, (6), remove the polyimide, (7), remadhe silicon oxide, (8), be
clamped with the substrate as a shadow mask.

polyimide

polyimide polyinide

polyimide

Fig 3 the demonstration of making a shadow mask

Another question of the shadow mask is how to alignshadow mask to the
substrate, since the shadow mask is actually aryeafie we could not use the normal
marker alignment station for the alignment. The @mmAligner, which aligns two
wafers precisely by the edge, could be used. Thegewevo wafers clamped
together, accurately aligned to etch other, angiwe the wafers together with the
tape and transfer them to the deposition machimeeidiately.

Now we know the edges of the wafers are at the gasiion, but we are not sure if
the alignment markers are also exactly at the gaosition. We need to introduce the
laser markers. The position of the markers is sttaiaser marker, and the strict
position is found on the wafer, where a markerrigtan. Everything is aligned to this
laser marker, and the position of everything iedixThen the edge of the wafers is
aligned, meaning the structures are aligned, amalignment problem is solved.
There is still one detail to be settled, the slomdge during the deep etching. The
STS Deep Si Etcher gives quite sharp etching pridfil¢he Si deep etching, with the
sloping angle only 1 degree, but for the waferkhass 670um, the lateral
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displacement iA = 670um *tg (L )= 1m, each side, which means the smallest
structures on the mask should be 2*11um=22um. lémeloy the shadow mask as
the patterning method, all the structures on thekmee designed in the last chapter
should be rewritten and enlarged 11um etch sideatee the lateral displacement in
advance.

The deeper we discussed, the more problems thewhadsek method has. The
sloping edge of the shadow mask makes it unceraine the real size of the opening
on the mask is unknown, which makes the pattermegipe. Also, how to clean the
shadow mask completely after every time use alsdsiéo be discussed. Hence we
decide to move on to the traditional dry-etchingd aret-etching method.
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Appendix B

Flowchartsfor patterning experiments

B-1 Flow chart for dry etching method with reflowed
photor esist

The wafer is already deposited TiW andTBs (or ShTe;) before the processing, and
the substrate is polyimide.

1, Rinse in water: for adhesion.
2, Spincoat HPR 504: recipe 4000 - 1.3 um thick
3, Expose mask on contact aligner: 6.5 sec, harthcbn
4, Develop photoresist on the ACS machine: HPRBG#he
5, Reflow photoresist: 110 degreeC, 2 min
6, Etch BjTes (or SbTes): lon beam Ester
Etch stop: signals of atoms
7, Strip photoresist: £plasma.

B-2 Demonstration and the flow chart of dry etching with W
hard mask

Demonstration The flow chart
1, Bi,Tes/ ShTe; deposition: 1 um

TiW
p

|

2, W mask deposition: sputter etch (20 sec)
Tungsten deposition 150 nm

TiW

3, Photoresist patterning

Rinse in water: for adhesion.

R | Spincoat HPR 504: 4000rpm recipe - 1.3 um thick
Expose mask on contact aligner: 6.5 sec, hard conta
Develop photoresist on the ACS machine

i

TiW
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W 4, Etch Tungsten: RIE

+descum
TiW Strip photoresist: acetone strip
W 5, Etch BjTes (or ShTes): lon beam Ester
Etch stop: signals of atoms
TiW
6, Remove Tungsten mask: RIE
TiW

B-3 Flow chart for dry etching with advanced W mask

1, BiTes SlyTe; deposition: 1 um.
2, W mask deposition: sputter etch (20 sec) + Tamgdepositior200 nm.
3, Bi;Te; patterning
1, Spincoat HPR 504: the 4000 recipe - 1.3 um thick
2, Expose mask on contact aligner: 6.5 sec, harthcon
3, Develop photoresist on the ACS machine: HPRBG#he
4, Reflow photoresist: 110 degreeC, 2 min
5, Etch Tungsten: RIE, Tungsten rec{de NOT descum)
+ overetch
6, Strip photoresistacetone, bath
7, Rinse with water
8, Etch BjTes (or ShTes): lon beam Ester
Etch stop: signals of atoms
9, Remove Tungsten mask: RIE

B-4 Flow chart for dry etching with silicon nitride hard
mask

We start with a wafer with Sion both sides. The flow chart for dry etching the
thermoelectric materials with silicon nitride hanésk is as follows.
1, TiW deposition and patterning
2, ShTe; deposition: sputter etch + Lum $bs
3, ShTe; patterning

1, 100nm SN,@250 degreeC

2, TCPS primer

3, HPR504, recipe 4000

4, Expose mask BITE, 6.5 sec, hard contact

5, Develop photoresist in the bath

6, Etching SiN: STS cluster
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7, Strip resist: @plasma5min, 120 degreeC, acetone no useful
8, Etch SbTes: lon Beam Ester
4, 100nm SiN @ 250 degreeC, and opening the windows
5, BipTe; deposition: sputter etch + 1um,$bs
6, Bi;Te; patterning:
1, 100nm SiN,@250 degreeC
2, TCPS primer
3, HPR504, recipe 2000
4, Expose mask SBTE, 8.5 sec, hard contact
5, Develop photoresist in the bath
6, Etching SiN: STS cluster
7, Strip resist: @plasmabmin, 120 degreeC
8, Etch BpTes: lon Beam Ester

B-5 Process flow for the wet etching

Three wafers with polyimide as substrate are takemhie wet etching experiment.
TiW, Bi,Te; and SkTe; are deposited on the wafers separately, and thei iy
used for comparing. The photoresist is coated ewtfers and patterned, and each
wafer is cut into 20 pieces. The flow chart for wathing wafers is as follows.
1, Rinse in water
2, Standard photoresist: spin coat potoresist HRR &cipe: 4000rpm
4, Expose mask on contact aligner
6.5 sec, hard contact mode
5, Develop photoresist on ACS machine
6, Hard bake photoresist, 120 degree C, 2 min
7, Etch in Etchant
Etchant A: Al Etch A, etch stop: time stop, aibble stop
Etchant B: Diluted Aqua Regia, etch stop: bulsbép
Etchant C: diluted HNO
Etchant D: HO»>-HCI
+ 10% over etch
8, Strip photoresist: acetone strip
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Appendix C

Wet etching of TIW

The wet etching experiment for W mask is a conduated separate experiment with
small pieces. To make sure that B and SbTes would not be etched when we strip
the W mask, small wafer pieces withyBes, SkhTes and TiW layer are put in the
etchant together.

The wet etchant for TiW is 4,: NH,OH: H,O =1:1:1. The etching result is listed in
the following table. BiTe; does not react with the etchant, bug|8h does, so only
the W mask with BiTe; could be stripped with the wet etchant.

Table: etching TiW, BiTe; and SbTe; in wet TiW etchant

Etchant for Tiw H,0,: NH,OH: H,O = 1:1:1
Etched material Etching time Result
TiW 2'41” Photoresist comes off
7 Clear
BioTes 15 Nothing
ShyTes 15’ Surface becomes white and rough
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Appendix D

Final flow charts

D-1 Initial flow chart for processthe wafer

For nitride wafers

For polymer wafers

Polyimide deposition

Polyimide deposition

1, Clean the wafers: SSEC

recipe: 150mm_SPM+Meg+DI

2, Spin Primer: VM652 primer

open 10s@500+close 45@3000rpm
3, Spin polyimide: A115 polyimide
open 15s@300+close 45s@1000

+ close 2s@4000 rpm

4, Bake on hotplate, 120 C, 6min

5, Cure polyimide

1, Clean the wafers: SSEC
recipe: 150mm_SPM+Meg+DI
2, Spin Primer: VM6p2mer

open 10s@500+cI@8Cmrpm
3, Spin polyimid&l115 polyimide
open 15s@300+closeldb6@

+ close 2s@4000 rpm

4, Bake on hotpla20 C, 6min
5, Cure polyimide

Deposit SN

300nm @ 300 degreeC

Deposit TiW 11-4 Deposit TIW *
200nm 200nn1]

TiW patterning

TiW patterning, dry etching

1, HPR504, recipe 4000

2, Expose mask TiwW

6.5 sec, hard contact

3, Develop HPR504, ACS

4, Hard bake, 2min, 120 degreeC
5, Wet Etching of TiW [2]
NH4OH: HzOgZ Hzo =1:1:1

6, Strip resist: acetone

1, HPR504, recipe 4000
2, Expose mask TiwW
6.5 sec, hard contact
3, Develop HPR504, ACS
4, Dry Etching W, T8TS cluster
Descum+RIE+Descuri?]
5, Strip resist: acetone

Bi,Te; deposition, lum

Bi,Te; deposition, lum

1. Pre-bake: 150 degree C, 5rivyj.
2. Co-sputtering Bil'es, 1 um
Sputter Etch a little + depositidA]

1. Pre-bake: 150 degree C, 5nii]
2. Co-sputtering Blies, 1 um
Sputter Etch a little + depositigA]
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Pattern BioTes

Pattern Bi,Tes

1, HPR504, recipe 4000

2, Expose mask BiTe

6.5 sec, hard contact

3, Develop photoresist in the bath
4, Hard bake, 2min, 120 degreeC
5, Wet etching3]

HCI: HNOs: H,0O =3:1:2

6, Strip resist: acetone

1, HPR504, recipe 4000
2, Expose mask BiTe
6.5 sec, hard contact
3, Develop plastist in the bath
4, Hard bake, 202i0,degreeC
5, Wet etchin{]
HCI: HNQ: H,O =3:1:2
6, Strip resist: acetone

Intermediate SIN

Inter mediate PR

1. Pre-bake: 150 degree C, 5min.
2, 100nm SIN@250 degredB]

3, TCPS primer

4, HPR504, recipe 2000

5, Expose mask CO

8sec, hard contact

6, Develop photoresist in the bath
7, opening pads: STS cluster

8, Strip resist: acetone

9, Remove primer: developgt]

1. Pre-baked&gfee C, 5min.
2, HPR504, recipe 2000
3, Expose mask CO
8sec, hard contact
4, Develop photoresist in thie bat

SbTedeposition, lum

SbTedeposition, lum

1. Pre-bake: 150 degree C, 5niif1]
2. Co-sputtering SbTe, 1 um
Sputter Etch a little + depositigA|

1. Pre-bake: 120 degree C, 5niifs]
2. Co-sputtering SATan
Sputter Etch a little + depositigA]

Pattern ShyTes

Pattern ShyTes

1, HPR504, 2000rpm

2, Expose mask SbTe

8.5sec, hard contact

3, Develop photoresist in the bath
4, Hard bake: 120 degreeC, 2min
5, Wet etching5]

HNOjs: H,O =1:1, dip in water

6, Strip resist: acetone

1, HPR504, recipe 2000

2, Expose mask SbTe
8.5sec, hard contact
3, Develop plastist in the bath
4, Hard bake: E20eC, 2min

5, Wet etching5]
HN@ H,O =1:1, dip in water
6, Strip resist: aceféhe

10

Coat SIN and SO,

Coat Parylene, lum

1, 100nm SIN@250 degreeC
2, 500nm SiE@300 degreeC

1, Parylene primer
2, Coat Parylene, 1um

11

Open Contact

Open Contact

1, TCPS primer

2, HPR504, recipe 2000
3, Expose mask CB
8.5sec, hard contact

1, HPR504, recipe 2000

2, Expose mask CB

8.5sec, hard contact

3, Develop photoresist irb#th
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4, develop photoresist in the bath
5, Etch SiQ: STS cluster

6, Etch SiN: STS cluster

7, Strip resist: acetone

8, Remove primer: acetone

4, Etch paryl&pplied 5000
5, strip resist: acetone

12

Al sputtering, lum

Al sputtering, lum

1, Soft sputteretcfiC]
2, Al sputtering: 1um

1, Soft sputteretcfC]
2, Al sputtering: 1um

13

Al patterning

Al patterning

1, HPR504, recipe 2000

2, Expose mask IN

8.5sec, hard contact

3, Develop photoresist in the badih
4, hard bake: 90 degreeC, 2min

5, Wet etching Al: PES@30degree
105nm/min +10% overetch 12-20
6, Strip resist: acetone

1, HPR504, recipe 2000

2, Expose mask IN

8.5sec, hard contact

3, Develop photoresist in the bath

4, hard bake: 9fed€g 2min
5, Wet etching EIS@30degree
105nm/min +10% owérét7

6, Strip resist: acetone

14

Back etching

Back etching

1, Spray AZ9260, 1250rpm

2, bake: 90degreeC, 5min

3, Expose mask MESA

40 sec, hard contact

4, Develop: AZ400K, 1-3, 5min
5, hardbake, 1h, 90degreeC

6, descum, 600W, 5min

7, SiQ opening: Applied 5000
8, STS Deep Si Etch

9, Strip resist: acetone

1, remove back side pag@én
1, cover front side, HRRBID(9]
2, hardbake, 90degreeC, 1h
3, Spray AZ9260, 1250rpm
4, bake: 90degree@irb
5, Expose mask MESA
40 sec, hard contact
6, Develop: AZ400K, 1-3, 5min
7, hardbake, 1h, 90dedrggC
8, descum, 600W, 5min
9, SiQ opening: Applied 5000
10, STS Deep Si Etch

11, Strip resist: acetone
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D-2 Final flow charts

Final flow chart for the wafers with nitride sulze, nitride intermediate layer, and
nitride passivation layer and the wafers with pwoigle substrate, photoresist
intermediate layer and Parylene passivation layer

wafers with SiN, | wafers with SiQ

1 | Polyimide deposition

1, Clean the wafers: SSEC

recipe: 150mm_SPM+Meg+DI

2, Spin Primer: VM652 primer

open 10s@500+close 45@3000rpm

3, Spin polyimide: A115 polyimide

open 15s@300+close 45s@ 1000+ close 2s@4000 rpm
4, Bake on hotplate, 120 C, 6min

5, Cure polyimide

2 | Deposit SIN, 300nm none

300nm@300 degreeC

3 | Deposit TiW, 250nm

250nm

4 | TiW patterning

1, HPR504, recipe 4000

2, Expose mask TiW, 6.5 sec, hard contact

3, Develop HPR504, ACS

4, Hard bake, 2min, 120 degreeC

5, Wet Etching of TiW, NEOH: H,O;: H,O =1:1:1
6, Strip resist: acetone

5 | Bi;Te; deposition, lum

1. Pre-bake: 150 degree C, 5min.
2. Co-sputtering Bires, 1 um
Sputter Etch a little + deposition

6 | Pattern BioTes

1, HPR504, recipe 4000

2, Expose mask BiTe

6.5 sec, hard contact

3, Develop photoresist in the bath

4, Hard bake, 2min, 120 degreeC

5, Wet etching, HCI: HN@ H,O =3:1:2
6, Strip resist: acetone

7 | Intermediate 100nm SiN+500nm | Intermediate PR, 2000r pm
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SO,

1, 100nm SIN@250 degreeC

2, 500nm SiQ@ 300 degreeC

3, TCPS primer

4, HPR504, recipe 2000

5, Expose mask CO

8.5sec, hard contact

6, Develop photoresist in the bath
7, opening pads: STS cluster

8, Strip resist: acetone

9, Remove primer: £plasma

1. Pre-bake: 150 degrémid.
2, HPR504, recipe 2000
3, Expose mask CO
8sec, hard contact
4, Develop photoresist in thie bat

8 | ShTedeposition, lum
1. Pre-bake: 150 degree C, 5min.
2. Co-sputtering SbTe, 1 um
Sputter Etch a little + deposition
9 | Pattern ShyTe; Pattern ShyTes
1, HPR504, 2000rpm, manual 1, HPR504, recipe 2000
2, Expose mask SbTe 2, Expose mask SbTe
8.5sec, hard contact 8.5 sec, hard contact
3, Develop photoresist in the bath 3, Develop pfesist in the bath
4, Hard bake: 120 degreeC, 2min 4, Hard bake, 2136 degreeC
5, Wet etching 5, Wet etching
HNOs: H,O =1:1, dip in water HN@ H,O =1:1, dip in water
6, Strip resist: @

6, Strip resist: acetone plasma@90dgree,110min

10 | Deposit 100nm SiN +500nm SiO, Coat Parylene, 1um
1, 100nm SIN@250 degreeC 1, Parylene primer
2, 500nm SiIQ@ 300 degreeC 2, Coat Parylene, 1um

11 | Open Contact Open Contact
1, TCPS primer 1, HPR504, recipe 2000
2, HPR504, recipe 2000 2, Expose mask CB
3, Expose mask CB 8.5sec, hard contact
8.5sec, hard contact 3, Develop photoresist irb#th
4, develop photoresist in the bath 4, Etch pas/lépplied 5000
5, Etch Si@: STS cluster 5, strip resist: acetone
6, Etch SIN: STS cluster
7, Etch Si@: STS cluster
8, Etch SiN: STS cluster
9, Strip resist: @plasma
5min @ 120 degreeC

12 | Al sputtering, lum Al sputtering, lum

1, Soft sputteretch

1, Soft sputteretch
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2, Al sputtering: 1um 2, Al sputtering: 1um, lowvper

13

Al patterning

1, HPR504, recipe 2000

2, Expose mask IN

8.5sec, hard contact

3, Develop photoresist in the bath

4, hard bake: 90 degreeC, 2min

5, Wet etching Al: PES@30degree,105nm/min +10%eicer
6, Strip resist: acetone

14

Back etching

1, cover front side, HPR504@ 1000
2, hardbake, 90degreeC, 1h

3, Spray AZ9260, 1250rpm

4, bake: 90degreeC, 5min

5, Expose mask MESA, 40 sec, hard contact
6, Develop: AZ400K, 1:3, 5min

7, hardbake, 1h, 90degreeC

8, strip HPR504, ACS

9, descum, 600W, 5min

10, SiQ opening, Applied 5000

11, STS Deep Si Etch

12, Strip resist: acetone
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