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ABSTRACT

PASSIVATION OF INSB INFRARED
PHOTODETECTORS

Samed Yumrukc¢u
M.S. in Physics
Supervisor: Prof. Dr. Atilla Aydinh
July, 2010

Infrared detectors have wide range applications in both military and civilian life.
One of the most commonly used infrared detectors is InSb detectors. InSb de-
tector technology has been developing since 1950s. Fabricating p-n diodes to
detect infrared radiation is a common way of constructing InSb detectors. Due
to high free carrier concentration at room temperature, InSb detectors need to
be cooled down to operate properly and usually liquid nitrogen is preferred for
cooling. However, even at 77 K, tunneling and generation-recombination and
surface leakage are not negligible and these effects result in dark current. Im-
proving the photo current-to-dark current ratio is the main goal in design and
fabrication of InSb photo detectors. One way of decreasing the dark current is
passivating the exposed edges of the detector to reduce surface leakage current.
Passivating the edges can result in decreasing in the surface leakage by eliminat-
ing the surface states (dangling bonds). Dielectric thin films like SiO, and SiNN,
are commonly used for passivation. In this work, different sized detectors are
fabricated and characterized by measuring I-V curves and spectral response. Dif-
ferent approaches are tested for passivation and a detailed comparison between
detectors with different treatments is presented.

Keywords: InSb, Photo detectors, Passivation, Infrared Radiation.
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OZET

INSB KIZILOTESI DETEKTORLERIN
PASIFLESTIRILMESI

Samed Yumrukcu
Fizik, Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Atilla Aydinh
Temmuz, 2010

Kizilotesi dedektorler hem askeri hem de sivil alanda c¢ok genig uygulamalara
sahiptir. En cok kullanilan dedektor gesitlerinden bir tanesi InSb dedektorlerdir.
InSb dedektor teknolojisi 1950lerden beri gelisimini siirdiirmektedir.  InSb
dedektor tiretiminde en ¢ok kullanilan yontemlerden biri de p-n diyot yapimidir.
Oda sicakliginda yiiksek serbest tagiyici yogunluguna sahip olan InSb dedektorler
etkili caligabilmeleri i¢in sogutulmalidirlar, sogutma icin tercihen sivi azot kul-
lanilir. 77 K sicakliga ragmen, tiinelleme, tiretme-tiketme ve yiizey kacagi
etkileri karanhk akima neden olmaktadir. Sinyal / Karanhk akim orammnim iy-
ilestirilmesi ana amactir. Karanlik akimi azaltmanin yollarindan biri de dedektor
kenarlarinin pasiflestirilmesidir. Kenarlarin pasiflegtirilmesi ytizey durumlarim
(asih baglar) bertaraf ederek yiizey kagaginda azalmaya sebep olur. Pasiflestirme
isleminde genellikle SiO, ve SiN, gibi yalitkan filmler kullanilmaktadir. Bu tez
caligmasinda, degisik boyutlarda dedektorlerin iiretilmesi, akim-voltaj ve tayf tep-
kisi ol¢timleri yapilmigtir. Pasiflestirme i¢in degigik malzemeler kullanilmig ve bu

degisik islemlerin sonuglarinin detayl bir kargilagtirmasi sunulmustur.

Anahtar sézciikler: InSh, Isik dedektorii, Pasiflegtirme, Kizilotesi Radyasyon.
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Chapter 1

Introduction

Considering the wide range of wavelengths of the electromagnetic spectrum, de-
tection of electromagnetic radiation has always been a challenge. Many types
and kinds of detectors have been demonstrated and some are used commercially
in specific parts of the spectrum, namely ultraviolet, visible and the infrared.
Even in the case of available detectors the challenges continue to be to lower the
cost, increase the speed and sensitivity and to build planar arrays that replace
the photographic plate. In this context, detection of infrared radiation has wide
range of applications in both military and civilian life: noncontact temperature
measurements or detection of exhaust plumes from missiles and aircraft when
they can not be seen by the naked eye as well as astronomical observations in the

infrared.

This chapter introduces the infrared detection and detector types (MCT, QWIP,
SL, and InSb) developed to detect it, in historical order. Detection mechanisms

and figures of merits will be discussed.
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1.1 Infrared Radiation

Infrared radiation was discovered by Herschel at the beginning of 1800. He con-
structed an experiment such that the sun light was monochromatized by a prism
and using a pinhole, he was able to choose different colors. First, he discovered
that different colors cause different temperature changes on the thermometer, and
then he found that even when no visible light comes out of the pinhole, tempera-
ture on the thermometer still rises. As in his own words, he wrote: thermometer
no. 1 rose 7 degrees in 10 minutes by an exposure to the full red coloured rays.

I drew back the stand... thermometer no. 1 rose, in 16 minutes 8% degrees when

1

5 inch out of the visible rays. [4]

its centre was

After Herschel, thermal detectors were built based on heat detection. One of
them is Langley’s bolometer of 1880. A bolometer senses heat as the resistance
of its components change due to temperature of the target. He used a platinum
foil to construct a Wheatstone bridge to measure the changes in the resistance
and he continued to develop his thermal detector for 20 years. His latest detector

could sense a cow at a distance of quarter of a mile. [5]

As knowledge on light improved with quantum physics, it was discovered that all
objects with temperature above 0 K emit radiation. However, photons emitted
by human body are not visible to human eye due to relatively low temperatures
involved. As the temperature of the object increases, radiation shifts towards the
visible region. Thanks to Max Planck, we now describe the radiation emitted
by hot objects in terms of the concept of blackbody. A blackbody is any object
that absorbs all radiation falling onto it, reflects none and emits this energy with
perfect efficiency. The temperature and wavelength dependence of this radia-
tion is expressed by Planck’s Law as shown in Fig. 1.1. Planck formulated the

distribution of total radiated energy with respect to the wavelength of radiation.

Planck’s Law —

2rhe? 1

h
A emr — 1

W(\T) = (1.1)
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Here A is in um, T is in Kelvin. Wien calculated the peak wavelength of this

radiation as:

Wien’s Law —

(1.2)

Stefan-Boltzmann law indicates the total radiated power in terms of temperature.

Stefan-Boltzmann Law —

M =oT* (1.3)
Here ¢ is in Wm2K* and T is in Kelvin.
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Figure 1.1: Planck’s law for different temperatures, dashed line shows the peak
wavelength according to Wien’s law

As radiation propagates in air, different wavelengths of the radiation is absorbed
or scattered by different components of air (COq, Oy, Ozone, CO, HyO). Trans-

mission spectrum of air is well known and is given below in Fig. 1.2
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Figure 1.2: Transmission of light in air [free license]

As seen in figure 1.2, there are two distinct ranges of wavelengths (windows) that
light is not absorbed in air in the infrared. These are named as 3-5 ym and 8-12
pm windows. To detect IR radiation at long distances, modern infrared detectors

are specified to work at either one of these windows or both.

1.2 Detector Types

Photon detectors came into play in 20" century in parallel with developments
in quantum physics. First IR photon detector was invented by Case in 1917 [6].
Many types of detectors have since been developed some with much success and
some even has been commercialized. Photodetectors can be classified as in two
categories in terms of their operating principle; photoconductive detectors and
photovoltaic detectors. Photoconductive types of detectors work by measuring
the change in conductivity due to radiation falling onto detector. On the other
hand, photovoltaic types of detectors work by measuring the change in electrical
signal (current/voltage) due to radiation falling onto detector. The following is a

short description of the most common photodetectors available today.
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1.2.1 Mercury Cadmium Telluride (MCT)

MCT is a ternary semiconductor with a band gap depending on the mercury
concentration and the temperature. Hg(;_,)Cd,)Te detectors are typically grown
on CdTe substrates. Depending on Hg concentration, the largest lattice mismatch
is 27%. Typical MCT detectors work as p-i-n diodes, energy band gap can cover 0-
1.5 eV range depending on the mercury ratio. In other words, MCT detector can
span the entire 1-20 um window. MC'T has a very high absorption coefficient over
the 3-5 pm and 8-12 pm range that enables high quantum efficiency (> 80%) [7].
MCT detectors have three major drawbacks. Because energy band gap depends
sensitively on the alloy concentration, i) it requires precise control on the mercury
composition ratio in the growth, ii) it suffers large leakage tunneling currents due
to low electron effective mass, iii) large non-uniformities over large areas of the

substrate during growth [8].

Despite the common drawbacks, current state-of-the-art technology of MCT de-
tectors consist of large format 1024x1024 arrays on Ge substrates with 15 ym sized
pixels in the 3-5 pym window. Ge substrate is preferred because the compatibility

of in-situ and ex-situ surface preparations [9].

1.2.2 Quantum Well Infrared Photo Detectors (QWIPs)

QWIPs used for IR detection are the result of band-gap engineering technology
in the GaAs/GaAlAs crystal system. Two materials with low (GaAs) and high
(GaAlAs) band gaps are grown on top of each other resulting in a quantum
well. With the control of thickness of the films, energy difference between ground
state and the first excited state in the GaAs quantum well can be arranged
in such a way that the difference equals the desired cut-off wavelength. The
barrier (AlGaAs) between adjacent wells is thick enough to eliminate correlation
of wave functions, hence tunneling at zero bias. Excited electrons are transferred
to adjacent wells via tunneling which becomes possible due to band bending
provided by the applying bias. Commonly used QWIP structure is GaAs/AlGaAs

in order to use benefits of advanced GaAs technology.
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© Dark Current

S

Figure 1.3: Schematic description of the operational principle of QWIPs

Besides the advantages like easy to growth on large areas and low cost through
advanced technology, QWIPs have two major disadvantages: i) high dark current
due to tunneling of thermal carriers ii) very low absorption at normal incidence
illumination due to absorption selection rules which makes it necessary to use
gratings if normal incident operation required. This reduces the quantum effi-
ciency (20%) [10]. Current status of state-of-the-art QWIP detectors consist of
1024x1024 arrays and 25 pm sized pixels were introduced.[11]

1.2.3 Superlattice Photodetectors

Superlattice (SL) infrared photo detectors are the result of advanced band gap
engineering technology based on the p-n junction. Like QWIPs, superlattice de-
tectors consist of adjacent quantum wells. The difference between QWIPs and
superlattice detectors is thickness of the wells. In superlattices, thickness of the
well is on the order of 3-5 monolayer, thus wave functions of adjacent wells cor-

relate which results in a mini-band. This type of structure is called superlattice.



CHAPTER 1. INTRODUCTION 7

Typical materials used in SL detectors are InAs and GaSb. InAs/GaSb SLs are
called Type-2 superlattices because electrons in conduction band and holes in va-
lence band are in different layers as shown in Fig. 1.4. This causes suppression of
Auger recombination mechanism and results longer intrinsic life times than any
other type of infrared detector material. Major disadvantages of SL detector are:
Although dark current levels are very low, due to spatial separation of electrons

and holes, optical absorption is low, too [12].

E1
L L B 2
H1-@& @ HE 8 8-

VB

Figure 1.4: Band diagram of Type-2 superlattice

1.2.4 InSb Photo Detectors

InSb infrared photo detectors typically are, like MCT detectors, p-i-n diodes. A
p-i-n detector consists of a p-n junction with an intrinsic layer inserted in between.
The p-i-n diode is a two terminal device which requires ohmic contacts to both
p and n sides of the diode, Fig. 1.5. This is done by coating both surfaces with
appropriate metal and the underlying layers heavily doped to have low contact
resistance. The p-i and i-n junctions have associated depletion layers (small in
width on the heavily doped regions) with the intrinsic layer is depleted. The
photocurrent is the sum of the charge generated per second in both diffusion
regions p+ and n+ as well as the charge generated in the depletion layer, W,
assuming that the thickness of the relevant layers is shorter than Lp , Ln and W.
In the case of long diodes thermally generated current must also be taken into

account [13].
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Iphoto = quLp + quW + quLn (14)

Ve
Il

- 4
ha S ->H+ﬂ i ni H

Figure 1.5: Structure of a p-i-n junction

For a diode to work as a photodetector it needs to be reverse biased in order to
avoid the forward current. In the reverse bias, the band bending increases, Fig.
1.6. Photo generated electrons in the p region and holes in the n region diffuse
into the depleted intrinsic region, where they drift to their respective terminals.
Photogenerated carriers in the intrinsic layer are separated and drift due to the

applied electric field.

~ - o
ho N\ g
0

L ‘
- n N .fx" E,
ho M\ \_% V

Figure 1.6: Operation scheme of a p-i-n photodiode

InSb has a band gap of 0.225 eV at 77 K and 0.175 eV at 300 K [14] and [15].
This corresponds to a cutoff wavelength of 7 um at 300 K and 5.5 pm at 77 K
[16]. Although band gap at 300 K shows the cutoff wavelength as 7 pm, InSb
detectors require cooling. At room temperature, intrinsic carrier concentration
of pure InSb is 2 x 10'® ¢m ™3, which leads to high dark currents [17]. Doping of
material to create n and p-type regions raises this concentration, thus at room
temperature, InSb detectors do not behave like diodes, but as resistors that are

short-circuited with huge dark currents. When cooled down to 77 K, carrier
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concentration drops to 5 x 10 cm™3 [18]. This limits the working temperature
of InSb detectors. Temperature dependence of intrinsic carrier concentration is

shown in Eq. 1.5

Carrier Concentration —

n = npe F (1.5)

/thermal generated intrinsic

donor state
thermal generated extrinsic

Log n

intrinsic extrinsic
E background
AE T~ F

—

1T

Figure 1.7: Temperature dependence of carrier concentration in doped semicon-
ductors

InSb detectors simply work in 3-5 um window. High optical absorption of shorter
wavelengths makes detection of wavelengths shorter than 3 um difficult. Simi-
larly, the insufficient energy of longer wavelengths to generate electron-hole pairs
make the detection of those wavelengths impossible. Fig.1.8 shows the absorption

coefficient of pure InSb.

Quantum efficiency of InSb detectors is independent of temperature between 60
K and 80 K and is typically around 60% [19]. Another advantage of InSb is
the possibility of growing it on large substrates, making it possible to fabricate
2048 x 2048 arrays with 20x20 um? sized pixels. Major drawback of InSb detec-

tors is non-uniformity of dark current level from cool down to cool down because
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Absarption coefficientz {cm )

0,1 D,‘Q D,‘3 0:4 0:5 D:E D:? 0.5
Fhoton energy hv (eV)

Figure 1.8: Absorption coefficient of InSh, 1) 300 K, 2) 5 K [1] and [2]

of water-ice film depositing on the detector, which requires making calibrations
periodically [20] and [21].

The basic mechanisms that contribute the dark current are: diffusion, surface
diffusion, generation-recombination, tunneling, and the surface leakage. Bulk
diffusion current is caused by minority carriers (electrons) in the p region diffuse
to the n region becoming majority carriers, thus contributing to dark current, vice
versa. Generation-recombination current is the result of generation of electron-
hole pairs in the depletion region which are not caused by radiation but due to
thermal energy of carriers. Tunneling current is because of the tunneling effect
in the junction, it is directly proportional with the applied bias because higher
bias values bends band more, and this increases the tunneling probability. Shunt
current is caused by the ohmic leakages along the edges and the dislocations in
the crystal [22] and [23].

Idarkz = ]diffusion + Ig—r current 1 Itunneling + Ishunt + Isurface dif fusion

R S SR SR 1
R Rdiffusion Rgfr current Rtunneling Rshunt Rsurface dif fusion
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Figure 1.9: Typical dark I-V curve and R vs. Bias voltage

3]

qV.

=By g
Liifpusion = AT e7 [efr —1]

qV.

Ig*T current = B T3/2 egTE%7 (‘/b - V)(l/Q) [GW — 1}

23/2
V F[f’i}
Itunnelmg = C [(‘/b — V)1/2_‘| e (Vp—V)1/2
E
Ishye = DV T3/2 o2t

i’}
Isurface dif fusion = G T3/2 € 2kT

where V, is built-in potential when junction is formed, V' is the applied bias, T'
is temperature, k is Boltzmann constant, ¢ is the unit charge and kT /q is the
thermal voltage and A, B, C, D, F and G are the fitting parameters. Besikci

et al., tried to fit above equations to the experimental data [3]. Below figure
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shows the experimental data and the fitted five equations. They adjusted the

fitting parameters according to experimental data and then plotted the five effects

separately.

Current (mA)

-0.05

0.00

-0.15

—

loirtlpstle

,
Measured

77K

== Ipptlpstirtigtl .

0.5

0.4 0.3 0.2 -0.1 0.0
Bias (V)

Figure 1.10: Dark current components at 77 K [3]

Fig.1.10 shows that at 77 K, diffusion current in the bulk and on the surface,

and the generation-recombination current is negligible for all bias values. The

dominant leakage mechanism is shunt (surface leakage) current and tunneling.

Near zero bias, the dominant mechanism is the shunt current since the tunneling

probability is low at low biases. As bias increases, tunneling becomes dominant.

This can be explained as surface leakage is a parallel resistance to the system, thus

shunt current is increasing linearly but tunneling current increases exponentially.

This can also be seen in Fig.1.9, tunneling current is independent of temperature

but shunt current is highly dependent on temperature. Resistance of the detector

is independent of temperature for large bias values, which suggests, that tunneling

is the dominant leakage mechanism in this case [3].
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1.3 Figures of Merits

Figure of merit is a quantity used to characterize the performance of a system
that enables us to compare different systems. These figures are important for the
comparison of different detectors. They are basically, the specifications of the

infrared photo detectors.

1.3.1 Quantum Efficiency

Quantum efficiency is the number of carriers measured at the output of detector
per number of incident photons per unit time. It shows the ability of the detector

to convert incident photon flux into electrical signal and is given as:

‘[p
= 1.6
A (1.6)

n

where I, is the output photocurrent, A is the active detector area, ¢ is electron
charge, and ¢ is the incident optical flux. Quantum efficiency is a measure of the
number of generated electron-hole pairs created by photons, so by definition, 7 is

less than 1.

1.3.2 Responsivity

Using quantum efficiency, we can also define responsivity. Responsivity is the

output electrical signal divided by input optical signal:

_ Output Signal _ 7g

(1.7)

Input Signal ~ hv

Typical unit of responsivity is A/W or V/W where hv is energy of incident

photons. If wavelength of the incident photons is integrated to the responsivity,
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it is called spectral responsivity. Fig. 1.11 shows a typical spectral responsivity

curve.

A

Responsivity (V/W or A/W)

Wavelength (um)

Figure 1.11: Spectral responsivity

1.3.3 Background Limited Detection

Background limited operation indicates the largest temperature at which the
photo current to dark current ratio becomes 1, i.e, I(photo) = I(dark)- When the
detector is operated at this temperature, the detector is said to operate as a

background limited infrared photodetector (BLIP).



Chapter 2

Experiment

2.1 Design Considerations

For photovoltaic operation, a p-n junction is needed to transport the generated
carriers to the contacts. To increase the absorbed radiation, an intrinsic layer
is inserted between the p and n layers. There is a trade-off at this step; if
intrinsic layer is thick, large amounts of radiation is absorbed, on the other hand,
photo generated carriers may recombine before reaching the contacts which causes
a decrease in the photocurrent. The carrier diffusion length in InSb has been
measured to range betweeen 28-50 um [24] and [25]. Since a detector with an
intrinsic layer of this thickness is very expensive to grow, we had to choose a much
thinner layer to fabricate, test and compare various passivation techniques. On
the other hand, if the intrinsic layer is very thin, efficiency is reduced because of
low absorption. We optimized the intrinsic layer thickness that both enables high
radiation absorbance and thin enough for generated carriers reach to the contacts
in their short lifetimes as microseconds for holes and nanoseconds for electrons
[26]. The epitaxial structure was grown on semi-insulating GaAs substrate by
molecular beam epitaxy. GaAs substrate is used for making use of developed
GaAs technology. A 1.5 um AlISb layer was grown before the growth of the
InSh layers to reduce lattice mismatch from 14.7% to 5.5% as shown in Fig.2.2

15
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to increase the quality of InSb epitaxial layers [27]. AlSb can also serve as an
etch stop layer for future backside illumination applications. A 0.5 pum InSh
unintentionally doped buffer layer was grown before the growth of doped InSh
layers. This buffer layer eases the transition from AISb to n+ InSb. The photo
detector consists of a 1-um-thick n4+ InSb layer at the bottom, 2.5-pm-thick
intrinsic InSb layer, and a 0.5-pum-thick p+ InSb layer at the top. The intrinsic
layer was unintentionally doped to less than 1x 106 em =3, while the highly doped
layers were doped to 1 x 10'8 em=3. p+ and n+ layers were doped with beryllium

and tellurium, respectively. The growth was done at IQE Inc. (Bethlehem, PA)

InSbi 2.5um

InSb i 0.5um

Figure 2.1: Scheme of the structure

2.2 Fabrication

In this section, process design and fabrication process of InSb infrared detectors
will be explained. First step is designing a mask. For characterization of the
InSb detectors, we have mesas ranging from 100 to 600 microns since we are not
considering focal plane arrays in the first place which require smaller pixels. A
photo detector is a two terminal device requiring ohmic contacts both at n+ and

p+ regions. The contact to p+ surface can easily be done but one has to reach
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Figure 2.2: Lattice constant vs. band gap energy [http://www.ee.ucla.edu/~
wu/eel74]

down to n+ region, thus mesas have to be defined first. For the p layer contacts,
our priority concern is getting as much radiation as possible and good electrical
conduction. For that purpose, 50 micron thick squares centered on the top of
mesas are designed. For the n layer contacts, we designed them in such a way
that whole n layer between the mesas was coated with ohmic contact. Passivation
mask is designed so that passivation starts from topside of the mesas down to the

n layer.

Fabrication process starts by defining the mesas and etching sample down to
halfway of the n+ layer. First, sample is cleaned via three solvent cleaning
processes. Then, photo resist is spun on sample. UV lithography is done using
MJB3 Karl Suss mask aligner. Our mask has five different mesa sizes, 100, 200,
400, 500, and 600 pum wide squares. Mask scheme can be seen in Fig.2.3. Process

steps are schematized in Fig.2.4. Fabrication step details are in Appendix A.

Mask is designed as in Fig.2.3 using L-Edit software. As seen, mask consists of

4 symmetric patterns; every pattern has 10 of 600 um wide mesas, 10 of 500 um
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Figure 2.3: Mask scheme for 400, 500 and 600 pm mesas

N ulle B
. =i

Figure 2.4: Schematic of fabrication steps a) photo resist is spun on wafer, b)
lithography is done, ¢) wet etching done, d) metallization mask, e) metal de-
posited, f) after liftoff process.



CHAPTER 2. EXPERIMENT 19

wide mesas and 16 of 400 pum wide mesas. Thus, we can generate a total of 144
single pixel detectors in a 1x1 em? sample area. As seen in Fig.2.12, samples are
cleaved into 4 pieces and each can be used to try different passivation approaches.
For 100 pm and 200 pm mesas mask scheme and fabrication steps are different
because of the difficulty of bonding on smaller areas. They will be mentioned on
Chapter 4.

Mesa etching is done with a citric acid: hydrogen peroxide (50:1) solution and the
etching time was optimized [28]. Etch depth vs. time graph is given in Fig.2.5,
total etch time is approximately 3-3.5 hours. A slow rate is chosen to avoid rough
surfaces at the end of the wet etch which may increase leakage currents. Sample
is post-baked at 120 °C for 10 minutes to harden the photo resist for etching
process. Etch profile is investigated in Scanning Electron Microscope (SEM) and
picture of the etch profile is given in Fig.2.6 and Fig.2.7. As we need to get
contacts from n+ layer and p+ layer, after etching the sample halfway into of
the n+ layer, another lithography step is needed for metallization. Since infrared
radiation is incident on p layer, p+ layer metallization pattern is designed to be at

the edges of the mesas for the purpose of maximum infrared radiation absorption.

35000

30000:
. 25000:
20000:

15000 4

Etch Depth (A°

10000 4

5000 -

-—7———7——7—
0 30 60 90 120 150 180 210
Time (min)

Figure 2.5: Etch depth vs. time (The line is drawn to guide the eye)

Metallization is done in the box coater using thermal evaporation. 500/3000

Angstroms Ti/Au is coated to obtain ohmic contacts [29]. Lift-off process is
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Figure 2.6: SEM picture of etch profile

Figure 2.7: SEM picture of etch profile
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done in warm acetone medium. Contacts were found to be ohmic at 77 K even
when no annealing was applied. Measurement was done via transmission line
method (TLM) as shown in Fig. 2.8. Resistance between between metal and
semiconductor is on the order of 2 Q between [-1,1] mA and [-100, 100] mV
range as shown in figure 2.9. We used TLM to measure the contact resistance
between metal and semiconductor surface. 200x200 um? metal coated squares
were fabricated with distance between adjacent squares ranging from 5 to 100
um. Resistances are calculated by measuring [-V curves of each adjacent pair.
Interpolating the graph of total resistance versus length gives us the twice of the
contact resistance between metal and semiconductor, as shown in Eg. 2.1 total

resistance equals to twice of contact resistance.

DTD 2|_D aL L]

| [ ]
Ré % R
—W—

Depend on Length

Figure 2.8: Transmission Line method

R=2R. + (%)L (2.1)
After all three processes are done; some pairs of samples were treated in Oy
plasma to remove organic residues. Oy plasma is done in the RIE system, O; gas
flow at 20 sccm, with pressure 20 pbar, RF power was 100 watt, and the process
time was 2 min. On the other hand, other samples were cleaned via three solvent
cleaning methods to remove organic residues such as photo resist. Thus at the
end, we have two different non-passivated types of samples to see the effect of the

O, plasma. Microscope images of the sample at various process steps are shown

in Fig. 2.10. Top view of the detector, Fig. 2.11, shows the quality of the process.

After fabrication process is done, samples are bonded onto electronic packages.



CHAPTER 2. EXPERIMENT

5,0

4,04

Resistance (Ohm)

3!0 J \J J J T
0 20 40 60 80 100

Length (um)

Figure 2.9: Total resistance vs. length as obtained from TLM

a) b)

| a) etched and cleaned
; sample

b) metallization mask
applied sample

WELE
c) JE ';Er'_ j c) after liftoff, completed
=t | sample

Figure 2.10: Microscope images of the sample at various process steps
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Figure 2.11: Top view of the detector

First, samples are attached to the package via thermal compound used in com-
puters to provide thermal contact. Bonding process is done at WestBond bonding
station. 12 pm diameter gold wire and (£2525m) wedge tip are used for bonding.

A picture of ready-to-measure sample is shown in Fig.2.12.

Figure 2.12: Ready to measure sample
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Measurement and Results

This section provides information about characterization of detectors. At room
temperature, there are so many thermally generated carriers that detector shows
no diode characteristics. First of all, we need to cool down the detector to reduce
thermal carriers. We used liquid nitrogen for cooling. All measurements were
done at 77 K. Current-voltage characteristics of the detectors were measured
using a modular source/monitor unit, HP 4142B. Max current was limited to 1
mA to prevent overheating of the devices. Spectral response measurements are

done via a modified FTIR system.

3.1 Dark Current Measurements

Dark current of a photo detector is a function of bias voltage only when detector
generates in the absence of IR light [30]. To build up such environment, sample
is lowered into liquid nitrogen facing downwards and also is covered by aluminum

shields. Therefore, no outside light can pass to the detector as seen in Fig.3.1.

[-V characteristics were measured when the sample reached thermal equilibrium.
Since different sized mesas showed different dark currents, we assume ohmic leak-

age along the edges depends on the sample size. Further, two types of samples

24
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Liquid_ Nitrogen

Detector

Figure 3.1: Dark current measurement setup

mentioned in the previous chapter (O plasma treated and three solvent cleaned
samples) were expected to differ in their dark current. We take -100 mV as ref-
erence bias for current and current density vs. mesa area graphs. Fig.3.2 and 3.3
show the I-V curves for different mesa sizes and treatments. These are I-V curves
are for non-passivated samples. Surface leakage is proportional to the sidewall
area, however since all etch depths are equal it is sufficient to use mesa sizes to
compare. Fig.3.2 and 3.3 inset show that the dark current changes linearly with
mesa size. The reason for the linear dependence of the dark current with the
mesa size is related to the sidewall areas which changes linearly with mesa sizes
[31]. When we plot current density vs. mesa area, we note that current density
remains the same for all mesa sizes. As seen from Fig.3.2 and Fig.3.3, Oy plasma
treated samples show a decrease of almost 5 times in dark current. At least 10
mesas were measured for each of different sized mesas and the average is reported.
Dark current at -100 mV bias for samples that are only three solvent cleaned with
an area of 400x400 pm? is 140.00 A, but the that are O, plasma treated show an
average dark current of 20,65 puA. For 500x500 and 600x600 pum? area samples,
corresponding values are 224.43, 35.65, 256.8, 42.44 pA, respectively. Standard
deviations of the current are + 10.00 A for three solvent cleaned samples and +
5.00 pA for O, plasma treated samples. By looking at these error values, we can
say that the results for the O, plasma treated samples are more consistent than
the others.
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Figure 3.2: Dark I-V curves of the three solvent cleaned samples, Inset I, at
-100mV vs. mesa size (the line is drawn to guide the eye)

1E-3 +

1E-4 4

1E-5 4

Current (A)

1E-64 £

400

1E-7 4

500 600
Mesa Size (um)

-0,5 -0,4

03 02 01
Bias Voltage (V)

0,0 0,1 0,2

Figure 3.3: Dark I-V curves of the Oy plasma treated samples, Inset I, t
-100mV vs. mesa size (the line is drawn to guide the eye)



CHAPTER 3. MEASUREMENT AND RESULTS 27

10"
= O, plasma treated samples

. e Three solvent cleaned samples
o
g 10’1-: * 'y
< ] e
=
‘®
5
[a) L u L
= 1074
C
o
5
O

10°

) v ) v )
400 500 600
Mesa Size (um)

Figure 3.4: Dark current density vs. mesa size graph at -100 mV bias (the line
is drawn to guide the eye)

3.2 Photo Current Measurements

Photocurrent is the current occurs when detector is exposed to light. Detector
is still left in liquid nitrogen environment but it now faces upwards and the field
of view is nearly 180 degrees (f# ~ 0) as shown in Fig. 3.5. Photocurrent is
measured in lab environment under ambient illumination. Photocurrent is the
total current read at this setup configuration minus the dark current. When the
photocurrent is equal to the dark current, background limited operation condi-
tion is satisfied. In our samples, O, plasma treated samples are already below
the BLIP limit. This means, these detectors can work at higher temperatures.
However, detectors that have received the standard cleaning treatment are above
the BLIP limit at liquid nitrogen temperature, thus, they need to be cooled down

more to achieve BLIP condition.

Fig. 3.6 shows photo current and dark current vs. bias voltage graph for 400x400
um? area O, plasma treated samples. Dark current and photo current measure-
ments were done at the same time, so again at least 10 mesas of different sized

mesas were measured. Average photo current of non-passivated samples at -100
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~180 degree

Figure 3.5: Photo current measurement setup
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Figure 3.6: Os plasma treated 400x400 pm sized mesas dark and photo currents,
inset photo current vs. mesa area at a bias of -100 mV (the line is drawn to guide
the eye)



CHAPTER 3. MEASUREMENT AND RESULTS 29

mV bias are 111.0, 150.0, 167.0 pA for 400x400, 500x500, 600x600 pum? area

samples, respectively.

3.3 Spectral Response Measurements

Spectral response of detectors is measured via Fourier Transform Infrared Spec-
troscope (FTIR) in a custom setup. First, sample is cooled down to 77 K in a
closed loop liquid helium cryostat and an infrared transparent window is used for
the detector facing towards to FTIR output. FTIR directly measures the spectral
response of the detector with respect to background signal. Background is taken

with our detector while detector sees none from FTIR source.

0,201

0,154

0,101

Spectral Response (a.u.)

0,05+

P

0 5 10 15 20 25
Wavelength (um)

Figure 3.7: Raw spectral response data

In figure 3.7, raw FTIR data of spectral response is presented. As it is seen in the
figure 3.7, signal is maximum for 3-5.5 ym window, signal in the 6-10 pm region
is due to improper substraction of the backgorund. Due to the range of interest,

rest of the spectral response graphs are plotted between 3-5.5 pm.

Fig.3.8 shows the spectral response of our detectors in arbitrary units. Again, at
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Figure 3.8: Responsivity graph of the sample

least 10 mesas of different sized mesas were measured. For different sized mesas,
spectral response curve shape is same as expected. Relative signal intensity is
different for different sized mesas as seen in Fig.3.9 because more light on detector

means more current.

Dip at 4.3 um corresponds to absorption CO,. CO, absorption is well-known, so
other figures have been corrected for CO4 absorption. Fig.3.10 shows the change
in the spectral response with respect to applied bias. Response increases with
increasing bias, since the collection efficiency of the generated carriers increase
with the increasing bias. It saturates because once all available generated carriers
are collected, we can no longer increase the collection efficiency. In the positive
bias region, dark current is so large that photo current to dark current ratio is

very low, thus spectral response is negligible.

As InSb has a band gap at 5.5 pm (0.225 eV) at 77 K, light with longer wave-
lengths does not have enough energy to generate electron-hole pairs. Wavelength
corresponds to band gap energy of the crystal is defined as cut-off wavelength.
Wavelengths below 3 pm should be detected in principle (in the light of the above
argument) but absorption coefficient of InSb increases abruptly for wavelengths

shorter than 3 um. Thus, shorter wavelengths cannot be detected since they are
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absorbed very near the surface.

3.4 Calculations

3.4.1 Resistance

To see how flat the dark current in the negative bias region is, resistance of
the detector has to be known. To be able to compare our detector with other
detectors, area dependence of resistance needs to be eliminated. Thus, R x A
value is used commonly; here A is the detector area. Our detectors have Ry
values up to 15 K2, average being 5 K2 for 400 pum detectors and Ry x A values
up to 20 Qcm? and average being 10 Qem? almost for all detector sizes as shown
in Fig. 3.12. Resistance is plotted with respect to bias in Fig. 3.11 for different
mesa sizes. Resistance of the detector is decreasing with the increasing reverse
bias because of increasing dark current. These values are bettter than those in
[29] by a factor of five.
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m
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®
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1k 4
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Figure 3.11: Resistance vs. bias voltage graph of Oy plasma treated samples
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Figure 3.12: RxA vs. bias voltage graph of O, plasma treated samples

3.4.2 Responsivity

As defined in section 1.3.2, responsivity is current (A) or voltage (V) signal out-
put from the detector over the optical signal input (W). In the absence of a true
blackbody source, we used an approximate method to calculate responsivity of
our detectors. Error in this method is within a few percent, and results are un-
derestimated. This method is widely used to determine the responsivity without
using a blackbody [32] and [33]. In Section 3.2, we have measured the signal
output as photocurrent. This measurement is done with the detector facing the
lab environment under ambient illumination while the detector is at 77 K. We,
therefore, assume that the optical power incident onto the detector is that of a
blackbody at 300 K. Output current (photocurrent) has been reported in previous
section. Output current divided by the input optical power onto detector is the
responsivity, provided the detector response is flat. We, then calculate the ratio
of the areas under the normalized responsivity curve of our detector and that of
a detector with a flat response. Multiplying the responsivity value found earlier
with this ratio results in the peak responsivity value at a particular wavelength as
well as the actual responsivity as a function of wavelength. As mentioned earlier,

responsivity is not the only quantity to compare photo detectors. A detector can
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have a high responsivity values but can also have very high dark current. Fig.3.13
shows responsivity graph for our detectors. We have an peak value of 90 A/W
at 4.91 pm at -100 mV bias for 400 um detectors. The maximum obtained value
is 170 A/W for one of the 400 pm sized detectors. For InSb photodetectors with
different areas, average responsitities are 75 A/W and 60 A/W for detectors with
areas of 500x500 pm? and 600x600 pm?, respectively. In contrast with expec-
tations, we note that there is a trend of increasing responsivity with decreasing
mesa area. This indicates a better collection efficiency of photo generated current
for smaller mesa areas which is reasonable in the light of the fact that this is a

strained crystal which would have a large number of defects.
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Figure 3.13: Responsivity of InSb detectors
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Passivation Techniques

4.1 Introduction

Up to this point, we fabricated InSb p-i-n junctions and measured the output
signal both in radiation environment and in the absence of it, and also the spec-
tral response of the detectors. Next step is to improve the photo current to dark
current ratio. Theoretically, dark current of an ideal p-i-n junction should be
zero. But for reasons explained in Chapter 1, however this is not true in real-
ity. The most dominant mechanisms for the dark current are tunneling current
and the ohmic surface leakage as seen in Fig.1.10. Once the crystal structure is
defined, there is not left much to reduce the effect of tunneling. The best thing
to do is try to find how to reduce ohmic leakage and Maniv suggests that dark
currents are mostly due to surface leakage caused by dangling bonds [31]. And
these leakages can be minimized by passivating the edges via an insulating mate-
rial [34] and [35]. Dangling bonds (or surface states) occur in the process of mesa
etching. Elimination of dangling bonds is done by binding these bonds via an
insulating material. In the literature, insulator materials mostly used are SiOs,
SiN, and Sulphure solutions [36] and [37] and[38] have also been used with some
success. We first tried these three materials as a passivating material to make a

comparison of our detectors with the results in the literature. Passivation is done
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by deposition of thin films (SiOs and SiN,) to the edges of the detector. How-
ever, sulphure solutions are in aqua form hence the method of applying sulphure

solutions is different than the other two methods.

4.2 Passivation Process

For SiN, and Si0, passivation, we used PECVD to grow films. Typically, thin
films of dielectrics 300 nm thick are grown. After the film is grown over all of
the surface area, a lithography step is needed to get rid of the film on metal
contacts to get good electrical contact. After lithography, sample is baked at 120
°C' to harden the photo resist. The samples are then immersed into a buffered
HF solution (1:10) for 60 sec, and rinsed in DI water. They are then blow dried
with nitrogen and soaked in acetone to remove the photo resist. Fabrication
steps are illustrated in Fig.4.1. The recipe used in the PECVD step to grow
the insulating S70, layer is 180 sccm StHy, 45 scem NoO and the pressure is
1 Torr for SiOy. For the deposition of SiN,, 180 sccm SiHy, 45 scem N Hj,
and 1 Torr pressure is used. All films were grown at a substrate temperature of
250 °C'. Sulphure solution passivation is done by soaking the fabricated samples
into buffered (NHy)2S : Ho0 (1:1) solution for 30 minutes under the fume-hood.

Samples are then blow dried with nitrogen.

S Sab
Sl i

Figure 4.1: Passivation scheme
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Figure 4.2: Dark I-V curve of samples with 400x400 pum? mesas passivated after
three solvent cleaning
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Figure 4.3: Dark current vs. mesa size passivated samples with prior three solvent
cleaning at a bias of -100 mV (the lines are drawn to guide the eye)
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Passivation applied to samples that are three solvent cleaned results in a large
decrease in the dark current. The current before passivation for 400x400 pm?
detectors is typically 140.00 A at -100 mV bias, with SiN, passivation 400x400
pum? detectors show 13.36 uA dark current which means that the passivation
reduced the dark current 10 times. Dark current value is 15.55 A and 42.33 pA
for Si0, and sulphured solutions, respectively as in Fig. 4.2 and 4.3.
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Figure 4.4: Dark I-V curve of passivated and O, plasma treated 400x400 pm?
samples

For samples that are passivated with prior Oy plasma treatment, dark current
value is 20.65 pA for 400x400 pm? detectors at -100 mV bias, as shown in Fig.
4.4 and 4.5. With SiN, passivation, this value is reduced to 11.32 pA. For SiO,
passivation, the dark current is 24.83 pA for 400x400 pum? detectors at -100 mV
bias, and sulphured solutions result in 12.97 pA dark current. Noting that the
photocurrent due to room temperature radiation is 111.00 pA for 400x400 pm?
detectors at a bias of -100 mV, Si/N, passivation with prior Oy plasma treatment
results in a photo current to dark current ratio of 10. We have 1.4 pA dark
current for SilN, passivated 200x200 pum? detectors; it is 100 nA for 100x100 pm?

detectors, as shown in Fig. 4.6.

As seen from Fig.4.2, passivation in standard three solvent cleaned samples results

in a decrease of the dark current by at least a factor of five times. This decrease
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Figure 4.5: Dark current vs. mesa size of passivated samples with prior to O,
plasma treatment at a bias of -100 mV (the lines are drawn to guide the eye)

1E-3 4

1E.4.; —— Dark Current of 100x100 um® mesa

1E-5 4

1E-6 4

Current (A)

1E-7 4

1E-8 4

esforbv—v—a—
05 04 -3 02 -01 00 01 02

Bias Voltage (V)

Figure 4.6: Dark I-V curve of SilN, passivated and Oy plasma treated sample
with 100x100 pm? area
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improves the S/N ratio. The best decrease in dark current is obtained with
SiN, passivation. Sulphure passivation seems to work well enough, however we
observed that sulphur passivation degrades in time and results in an increase in
dark current after twenty four hours in air, as seen in Fig.4.7, G. Beister et al,
reports similar results [39] and also Hoffmann et al reports that sulphure destroys
the surface by reacting with surface and passivated surface layers peel off [40]. In
addition, application of sulphur passivation must be done under the fume-hood
because the output HsS gas is very hazardous, the decrease in dark current with
sulphur passivation does not cover the damaging application and the degradation.
G. Beister also reports that degradation in sulphur passivation can be minimized
by a growth of SiN, films onto sulphur passivated surfaces [39]. However our
results with Si/N, passivation without sulphure pretreatment are better than
those after sulphure treatment. In Oy plasma treated samples, Si0O, passivation
after Oy plasma treatments shows nearly no improvement in dark current. This
means, we believe that, O, plasma does the job of SiO, passivation. Considering
that application of Oy plasma is a surface process that takes place in a very thin
layer on the surface, we can conclude that saturation of the dangling bonds is
enough for reduction of leakage current. We note that, in samples passivated
with SiN, or sulphure passivation with prior Oy plasma treatment have resulted
in at least two times improvement. A microscope image of various process steps

of passivated samples are shown in Fig. 4.8
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Figure 4.8: Microscope pictures of various process steps in passivated samples



Chapter 5

Conclusions and Future Work

5.1 Conclusions

InSb p-i-n photo detectors with different mesa sizes are designed and fabricated.
Dark current of 140.00 pA is achieved for standard fabrication process at a bias of
-100 mV for 400x400 pum? detectors averaged over at least 10 measurements. To
reduce dark current, different treatments and passivation techniques are investi-
gated. Oy plasma cleaning after mesa etching process is found to be a reasonable
way to reduce dark current and which has not been reported before in the lit-
erature. Dark current of a 400x400 um? detector with O, plasma treatment is
20.65 pA at a bias of -100 mV, which indicates a decrease of 7 times in dark
current. Depositing thin films of SiO, and SN, onto the sidewalls of the mesas
reduced the dark current most for all mesa sizes by eliminating the surface states
along the sidewalls of the detectors. Passivating the sidewalls with SiN, and
prior O, plasma treatment results in a decrease of two times in dark current, and
it is 11.32 uA for the 400x400 um? detectors. SiO, passivation reduced the dark
current 15.55 pA from 140 pA. In general, SiO, passivation showed no reduction
in dark current on samples with prior Oy plasma treatment. We believe that,
O, plasma does the job of Si0, passivation, this result is also not reported be-

fore. It may be helpful to note that if only SiO, passivation is to be used, O,
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plasma treatment can save one from dealing with HF and another lithography
step. In addition, we tried aqua passivation techniques like sulphured solutions.
Sulphure passivation works and we observed a decrease in dark current by at
least five but it destroys the surface of detector [SEM picture available in [40]]
and so it is not a good passivation choice for a robust operation. The reported
values above are the average values of at least 10 detectors; the best reduction,
we achieved is by a factor of fifty on one of 500x500 pum? detectors. In general,
O, plasma treatment after mesa etching and SN, passivation along the sidewalls
of the detectors results in a decrease of at least 10 times in dark current. In the
literature, Kimukin et al. reports 8 uA dark current for Si/NV, passivated 150x150
pm? detectors at -100 mV bias [41]. Besikci et al. reports 13 puA dark current
for SiNx passivated 400x80 um? detectors at same bias [3]. As a comparison, our
200x200 pum? detectors have 1.4 A dark current with SiN, passivation and with
prior O, plasma treatment, and a dark current value below 13 puA for 400x400
um? detectors. As a conclusion of our work we can state that, the best way of
fabricating InSb photo detectors with low dark currents is applying O2 plasma

after every photo resist removal step and using Si/N, for passivation.

5.2 Future Work

In the future, other materials such as BCB [42], SU8 [43], and polyimide [44]
can be tried for passivation of InSb infrared detectors. Polyimides are very good
insulators, and it is hoped that polyimide passivation will help to reduce dark

currents to the order of tens of nano amperes at -0.1 V bias.
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Appendix A

Fabrication Processes

1. Cleanroom procedure

(a) Class 100 customs

i. Always wear mask and glasses
ii. Use separate beakers for separate purposes
iii. Never lend your beakers and tweezers to anyone else
iv. Keep clean beakers after using
v. Clean your tweezers in soft cleaning step with sample

vi. Always use tweezers inclined as bottom of tweezers is at the bot-

tom to keep head of the tweezers clean

vii. Keep in mind that "keep everything clean so you do not have to

clean”
2. Cleaning

(a) Hard cleaning

i. Place sample on 5 pieces cleanroom tissues
ii. Place a lens cleaning tissue on sample
iii. Pour ace drops on sample
iv. Gently pull lens tissue horizontally w/o moving sample

v. Do it 3-5 times (no same spot on tissue twice)
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vi.
vii.
viii.
ix.

X.

90

Use meth with a new lens tissue
Do it 3-5 times

Do not use iso

Take a picture of sample

Soft cleaning required after operation

(b) Soft cleaning

i.

11.

iii.

iv.
V.
vi.
vii.

Viil.

Hot ace (5 min, 120 °C') (put tweezers in beaker to prevent explo-
sion)

Cold meth (5 min)

Hot iso (5 min, 150 °C') (put tweezers in beaker to prevent explo-
sion)

Cold di water (3 min)

Rinse in di water (2 min)

Blow dry with Ny

Take a picture of sample

Dehydration bake (min. 10 min, 120 °C)

(¢) Equipment cleaning

i.

11.
iii.

1v.

V.

V1.

Before use any acid or acidic solution, know which acid reacts with
which things

Prepare any solution on the wet bench, under the hood

Never pour water onto acids

Be present when cleaning

When done, dilute the solution first

Pour the solution to the sink and pour water a while

3. Pre-lithography

(a) Spinning

i.

ii.

Wait for pr to cool down to room temperature

Pour pr on sample (no empty spots and bubbles)
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iii. If mesas are present and depth is more than 1.5 micron, try to

planarize the pr on the surface

iv. To do that, spin pr slowly or use another pr which is thicker than
AZ5214E

v. Spin at 2 step mode
A. 500 rpm for 5 sec
B. 5000 rpm for 45 sec
vi. Pre-bake (110°C for 1 min)
vii. Wait sample to cool down

viii. Ready for lithography
4. Lithography

(a) Adjusting
i. First adjust x-y roughly
ii. Start adjusting z depth
iii. Then go on iterations

iv. Watch sample edges, when sample touches mask you should see

the wave pattern

v. Ready to launch
(b) UV Exposure
i. AZ5214E needs at least 270 m.J/cm?

ii. For quartz masks, approx. 45-60 sec
iii. For soda lime masks, approx. 90-120 sec

(c) Develop

i. Dip sample into toluene if needed
ii. Blow dry with N, for toluene step
iii. Prepare AZ400K:DI water (1:4)
iv. Dip sample in developer
v. Try to keep sample horizontal

vi. Watch sample for changes
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vil.

Viil.

1X.

X.

5. Pre-etch

Depend on excess exposure time, it should take 20-45 secs to de-

velop
Rinse in DI water for 1 min
Blow dry with Ny

Take a picture of sample

(a) Post-bake

i.

11.

Bake for 10 min @ 120 °C

Wait for sample to cool down

(b) Cleaning residue photoresist

1.
11.
111.

1v.

O, plasma for 30 sec
To remove oxide, dip sample into ammonium hydroxide
Rinse in DI water

Blow dry with Ny

6. Mesa fabrication

(a) Solution preparation

1.
ii.
iii.
iv.
V.
vi.

vil.

Mix citric acid monohydrate:DI water (1:1)
Bake @ 90 °C, (endothermic reaction)
Keep stirring until no particle exists

Filter the solution if you want

Wait 30 min to cool down

Add H,0, - solution: H,Oy (50:1)

Heat solution for fast etching

(b) Etching

1.
11.
iii.

1v.

Put sample into solution
Keep sample horizontal
Shake for 1 min to etch go uniform

Get sample off the beaker to measure depth
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vi.
vii.
viii.
ix.
X.

Xl.

Rinse in di water

Blow dry with Ny

Measure the depth at dektak station

Put sample into solution if depth is not enough
Put sample into ace if depth is satisfied

Apply soft cleaning

Take a picture of sample

7. Metallization

(a) Preparation

1.
ii.
iii.
iv.
V.
vi.
vii.

Vviil.

Use toluene in the lithography step if needed
Change box coater’s pedestals

Use clean boats

Put a little ti onto boats

Put 0.3 gr gold for 100 nm thickness
Vacuum chamber for an hour

Check vacuum, it should at least 1e-6 Torr

Setup the program

(b) Evaporation

i.

ii.

iii.

1v.

V1.

vii.
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This step should be short in time as possible, and sample should

not be heated much. Thus adjust power accordingly.

When deposition starts, switch manual mode and increase power

fast up to a certain value. This is because in automatic mode,

program increases power slowly so time gets longer. Thus pr gets

heat.
Use 1-2 a/sec rate for ti

Use 10 a/sec rate for gold

Break the vacuum

Take out your sample

. After evaporation wait 1-2 min to vacuum gas inside the chamber
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(c) Liftoff

1.
ii.
111.

1v.

vi.

Put sample into ace
Wait overnight if you have time
Squirt ace on sample if metal did not liftoff

Try ultrasonic vibrater if metal did not liftoff, be aware that this

step may break and make dirty your sample
Apply soft cleaning

Take a picture of sample



