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Abstract

HIGH SPEED AND HIGH EFFICIENCY INFRARED
PHOTODETECTORS

Ibrahim Kimukin

Ph. D. in Physics
Supervisor: Prof. Ekmel Ozbay

December 2004

The increasing demand for telecommunication systems resulted in production
of high performance components. Photodetectors are essential components of
optoelectronic integrated circuits and fiber optic communication systems. We
successfully used resonant cavity enhancement technique to improve InGaAs
based p-i-n photodetectors. The detectors had 66% peak quantum efficiency at
1572 nm which showed 3 fold increases with respect to similar photodetector
without resonant cavity. The detectors had 28 GHz 3-dB bandwidth at the same
time. The bandwidth efficiency product for these detectors was 18.5 GHz, which is
one of the best results for InGaAs based vertical photodetector.

The interest in high speed photodetectors is not limited to fiber optic networks.

In the recent years, data communication through the air has become popular due to



ease of installation and flexibility of these systems. Although the current systems
still operate at 840 nm or 1550 nm wavelengths, the advantage of mid-infrared
wavelengths will result in the production of high speed lasers and photodetectors.
InSb based p-i-n type photodetectors were fabricated and tested for the operation
in the mid-infrared (3 to 5 um) wavelength range. The epitaxial layers were grown
on semi-insulating GaAs substrate by molecular beam epitaxy method. The
detectors had low dark noise and high differential resistance around zero bias.
Also the responsivity measurements showed 49% quantum efficiency. The
detectivity was measured as 7.98x10° cm Hz"*/W for 60 um diameter detectors.
Finally the high speed measurements showed 8.5 and 6.0 GHz bandwidth for 30

pm and 60 pum diameter detectors, respectively.

Keywords: Photodetector, high speed, high efficiency, resonant cavity

enhancement, infrared wavelengths.
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Ozet

YUKSEK HIZLI VE YUKSEK VERIMLI KIZILOTESI
FOTODEDEKTORLER

Ibrahim Kimukin
Fizik Doktora
Tez Yoneticisi: Prof. Ekmel Ozbay
Aralik 2004

Telekomnikasyon sistemlerine ilginin artmasi yiiksek performansli elemanlarin
tiretimiyle sonu¢lanmistir. Fotodedektorler optoelektronik entegre devrelerin ve
fiber iletiim sistemlerinin Onemli bir parcasidir. Resonant ¢inlag arttirimi
tekniginini InGaAs temelli p-i-n tipi fotodedektorleri gelistirmek i¢in kullandik.
Dedektorlerin 1572 nm’deki %66 tepe kuantum verimi rezonatdrsiiz benzer bir

dedektore gore 3 kat fazladir. Dedektorler ayn1 zamanda 28 GHz 3-dB bantraligina

il



sahiptir, ki bu degerler InGaAs temelli diisey fotodedektorler i¢in en 1yi
sonuglardan biridir.

Yiiksek hizli fotodedektorlere ilgi sadece fiber optic aglar ile sinirli degildir.
Yakin zamanda havadan data iletimi kolay kurulum ve degisken yapilarindan
dolay1 populer hale gelmistir. Hernekadar su anda kullanilan sistemler 840 nm ve
1550 nm de ¢aligsa da, orta-kizilotesi dalagaboylarinin avantaji yiiksek hizli lazer
ve fotodedektorlerin iiretimine sebep olacaktir. InSb temelli p-i-n tipi dedektdrler
orta-kizilotesi dalagaboylarinda (3 ten 5 pm’ye) kullanilmak {izere iiretilip
testedildi. Dedektor katmanlari yari-yalitkan GaAs altasin {izerine molekiiler 151n
demeti metodu ile biiytitiildii. Dedektorler sifir volt civarinda diistik karanlik akim
ve yiiksek dirence sahiptiler. 60 pm capli dedektdrlerin hassasiyeti 7.98x10° cm
Hz"*/W olarak él¢iildii. Son olarak yuksek hiz dlgtimlerine gore 30 um ve 60 um
capl dedektorlerin hizlari sirasiyla 8.5 GHz ve 6.0 GHz’tir.

Anahtar Kelimeler: Fotodedektor, yiiksek hiz, yiiksek verim, resonant ¢inlag

arttirimi, kizilotesi dalgaboylart.

v



Acknowledgements

It is my pleasure to express my deepest gratitude to my supervisor Prof. Ekmel
Ozbay for his invaluable guidance, motivation, encouragement, confidence,
understanding, and endless support. My graduate study under his supervision was
my lifetime experience. It was an honor to work with him, and I learned a lot from
his superior academic personality.

I would like to thank Prof. Orhan Aytiir and Dr. Tolga Kartaloglu for their help
in high speed measurements in the infrared wavelengths. I would like to thank Prof.
Cengiz Besik¢i, Selcuk Ozer, and Orkun Cellek for their help in responsivity
measurements of InSb photodetectors.

I also thank the members of the thesis committee, Asst. Prof. Oguz Giilseren,
Assoc. Prof. Ahmet Oral, Asst. Prof. Ozgiir Aktas, and Prof. Tayfun Akin for their
useful comments and suggestions.

I would like to thank all the former and present members of Advanced
Research Laboratory for their continuous support. I want to especially thank the

group members of the detector research team: Necmi Biyikli, Bayram Biitiin,



Turgut Tut. It was a pleasure to work with these hard-working guys in the same
group. Other special thanks go to Murat Giire and Ergiin Kahraman for their
technical help and keeping our laboratory in good condition.

Finally I would express my endless thank to my family for their understanding
and continuous moral support. Very special thanks belong to my wife, Sevcan, for

her endless moral support, understanding, and love.

vi



cContents

Abstract i
Ozet iii
Acknowledgements %
Contents Vi
List of Figures Xi
List of Tables XVii
1 Introduction 1
2 Theoretical Background 5
2.1 Photodetectors . . . . v v v e e e e e e e e e 5
2.1.1 Photodetector Basics ............. .. 6

2.1.2 Photodetector Structures . ........ ... .. 10

vil



2.1.3 Photodetector Operation . ...............ciiuirienenen..
2.2 Resonant Cavity Enhancement . .. ........ ... .. .. ... .......
2.2.1 RCE Formulation and Optimization . .....................
2.2.2 Standing Wave Effect . . ............ ... ... ... .. ... .. ...
23 O0ptical Design . . .. ..ot
2.3.1 Transfer Matrix Method . . .. ...... ... ... .. .. .. .. ....
2.3.2 Distributed Bragg Reflectors . .. ........................

3 Fabrication and Characterization

3.1 Basic Fabrication Steps . . .. ...t
3.1.1 Sample Cleaving ... ..... ...ttt
3.1.28ampleCleaning . ..............iiiniiriiinnnannn..
3.1.1 Photolithography . . . ......... ... ... . i
314 Development . ... e
35 Etch. . e
3.6 Metallization . .. ...t
3.7 Lift-off . .
3.1.8 Thermal Annealing . . ............ ... ... ... ... ... ...
3.1.9 Dielectric Deposition . . .. ...

3.2 Measurement SEtuUPS . . . ...
3.2.1 Reflection and Transmission Measurements . . ..............
3.2.2 Current Voltage Measurements . . . .......................
3.2.3 Quantum Efficiency Measurements . .....................

3.2.4 High Speed Measurements. . .. ... ..

viil

12
15
15
18
19
19
23

26
26
26
27
28
31
32
35
36
37
38
41
41
42
43
45



4 InGaAs p-i-n Photodetector
41 DeSIZN . ettt
4.2 Fabrication . . .. ..o vt
4.2.1 Large Area Photodetector Fabrication....................
4.2.2 Small Area Photodetector Fabrication....................
4.3 MEaSUICMENLS. . . . o\ vttt et e e e e
4.3.1 Current-Voltage Characteristics . . .. .....................
4.3.2 Responsivity Characteristics .....................oo....
4.3.3 High-Speed Characteristics ................c.ouiuie....

A4 CoNClUSION . . . oottt

5 InSb p-i-n Photodetector
S DeSIgN .o
S2Fabrication . . ........ .
5.3 Measurements. . . ..o .v i e
5.3.1 Current-Voltage Characteristics . .. .. ............coou....
5.3.2 Responsivity Characteristics . ...............ccvevueen...
5.3.3 High Speed Characteristics ............... ... ..

54 CONCIUSION . . ..ttt
6 Conclusion and Suggestions for Further Research
Bibliography
A Frequency Response Calculation for a Photoetector

B TMM Based Detector Design

X

47
49
58
60
65
68
70
75
76
79

81

84
85
91
91
95
99

106

109

121

122



C List of Publications 126



List of Figures

2.1
2.2
23
24
2.5

2.6
2.7
2.8
2.9
2.10
2.11
2.12

2.13
3.1
3.2
33

Energy diagram of a p-i-n photodetector ........................
Energy diagram of a Schottky photodetector .....................
Cross-section of vertical illuminated photodetectors ...............
Cross-section of edge illuminated photodetectors .................
Output current versus time for a constant illumination across the
depletion re@Ion . . ..ottt
Small signal equivalent circuit for photodetector . . ................
Generalized structure of a resonant cavity enhanced photodetector . . . .
Electric field amplitudes at the interface ........................
The propagation of wave inside the same medium . ................
Electric field values before and after the structure . . ...............
Reflection spectrum and phase difference of InP/Air DBR with 3 pairs
Reflection spectrum and phase difference of InP/InAlGaAs DBR with
40 PaITS + ottt et
Transmission spectrum of Si/SiO, notch filter centered to 1550 nm . . .
Photographs of some samples with fabricated photodetectors on them
Photographs of themasks . ......... ... ... ... ... ... .. ... ...,

Plots from the mask file (a) a photodiode with 100 um diameter active

X1

12
13
16
20
21
22

24
25
27



34

3.5
3.6
3.7

3.8

3.9

3.10

3.11
3.12

area, (b) development marks used in the p+ ohmic step, (¢) p+ ohmic

transmission lines and the development marks, and (d) alignment

Plot of the mask containing large area photodetectors. All the
fabrication steps are shown aligned to each other. The mask contains
around 115 photodetectors ............ ... .. ...
Image-reversal photolithography (after reference [30]) .. ...........
SEM picture wetetchprofiles . . ........... ... ... ... ... ... .....
(a) The current flow between the contacts. (b) The schematics of the
model used for the ohmic contact characterization. (c) The p+ ohmic
transmission line (center) is used for ohmic quality measurements.
Also the alignment marks (up) and the development marks (bottom)
CAN DE SEOIL . . o vttt ettt et e e et

Pictures of equipments: (a) mask aligner, (b) surface profilometer, (c)
thermal evaporator and RF sputter, (d) PECVD, (e) RIE, (f) RTA ....
(a) The reflectivity measurement setup. The light source (blue) the
fiber probe and the optical spectrum analyzer can be seen. (b) The
reflectivity of the InGaAs based photodetector wafer ..............
(a) The probe station. With the help of objectives, we can make
contact to the pads of the photodetectors. (b) The sample on the probe
station, where two DC probes touch the pads, while the active are is
illuminated with the fiber ......... ... .. ... ... .. ... ... ... ...
HP4142B and the computer control ................... ... .. ....

Quantum efficiency measurement setup with the monochromator . . . .

Xii

29

30
31
33

38

40

42



3.13

3.14

4.1

4.2

4.3

4.4

4.5
4.6

4.7
4.8

4.9

4.10

Quantum efficiency measurement setup with the tunable laser ... ....
High Speed measurementsetup .............. .. ...,
Lattice parameter vs. energy gap of III-V compounds used with InP
and GaAs based devices (after reference [61]) .. ..................
Charge drift velocity as a function of electric filed strength for various
semiconductors (after reference [61]) . ... ....... ... ... ... ... ...,
(a) Lattice match conditions of quaternary compounds to InP (after

reference [68]). (b) Energy gap of III-V compounds (after reference

Refractive index of (Ing sxAlgagAs)y(Ing s3Gaga7As)1-y as a function of
wavelength for different values of y (after reference [70]) .. .........
Spectral reflectivity of the bottom DBR calculated using TMM . ... ..
The measurement (solid line) and calculation (dotted line) results for a
region on the wafer where the shiftwas %4 . .....................
The n+ ohmic contacts before (a) and after (b) the RTA .. ..........

The p+ ohmic contacts before the metal deposition (a) and after the

(a) The color change on the surface is due to the variation of the etch
depth (b) the mesa contour can be seen as a thin black line below the p
CONLACT & . vttt ettt e e e e e e e

(a) The surface was covered with silicon nitride, and the photograph
shows the surface after photolithography, (b) the surface of the sample
after the HF etch and the cleaning. Some area on top of the contacts

was open, and the sidewalls were covered .......................

Xiii

48

52

53

55
56

59
61

62

62



4.11

4.12
4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

(a, b) The photoresist before the metallization, (c, d) interconnect
metals afterthecleaning . . ......... ... ... ... ... .. ...
SEM images of large area photodetectors .......................
Cross-section of the sample (a) after airbridge metallization, and (b)
after the liftoff of themetal ......... ... ... ... ... ... .......
SEM picture of airbridges ........... ... .. ... ... . ...
3D illustration of a fabricated photodetector . . ...................
Pictures of small area photodetectors obtained with optical microscope
and SEM . . ...
(a) Current voltage characteristics of a 30 um diameter photodetector,
where the breakdown can be seen around -14 V bias. (b) The
logarithmic plot of I-V characteristics of 30, 60, 100, 150, and 200 um
diameter photodetector (from bottom to top respectively) . ..........
(a) Dark current of photodetectors at 1 V reverse bias as a function of
detector area. (b) Dark current density of photodetectors at 1 V reverse
bias as a function of detector area. The linear decrease can be seen for
detectors having 60 pm diameter .............. .. ... ... .......
(a) Calculated differential resistance of the photodetectors with 30, 60,
100, 150, and 200 um diameter (from top to bottom respectively). (b)
The maximum differential resistance of photodetectors as a function of
detectorarea ... ...... ...ttt
(a) Calculated differential resistance of the photodetectors at zero bias.
(b) RoA product as a function of detectorarea . ...................

(a) The spectral quantum efficiency measurement for successive recess

Xiv

64
65

67

68

68

69

71

72

73

74



4.22

4.23

5.1

52

53

54

5.5

5.6

5.7

5.8

59
5.10

etches. (b) The measurement and calculation of the spectral quantum
efficiency with the peak at 1572nm........... .. ... ... .. ... ...
(a) The photocurrent vs optical power measurement of the
photodetectors under various bias voltages. (b) Log-Log plot of the
previous data for 0 and 4 V bias voltages . .. .....................
(a) The temporal response of 5x5 um” area photodetector under 7 V
reverse bias. (b) The calculated frequency response of the
photodetector . . ... ...
Spectral transmission of the atmosphere at the sea level ............
Lattice constant and energy gap of semiconductors ...............
Details fromInSbwetetch........... . ... ... .. ... ... .. ...

Modified mesa isolation step used during the fabrication of InSb
photodetectors ... ...... ...ttt

(a) Cross-section of a fabricated photodetector (b) Photograph of
photodetector with 150 pm diameter .. .........................

Current-voltage characteristics and differential resistance of 30 pum
diameter photodetector at 300 K (dotted line) and 77 K (solid line) . . .

Measured current-voltage characteristics of 60, 100, and 150 pm
diameter photodetectorsat 77 K ... ....... ... ... .. ...
(a) Dark current at -0.5 V as a function of area, while (b) shows the
dark current density (Jo) as a functionofarea ....................

Calculated differential resistance (Rq) as a function of bias voltage . . .

(a) The zero bias differential resistance (Ry) as a function of detector

area. (b) Resistance-area product (RygA) as a function of detector area .

XV

77

78

80

81

&5

87

88

90

92

92

93
94

95



5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Responsivity of the photodetectors at 1550 nm as a function of the
reverse bias. The inset shows the spectral responsivity measurement
under different reverse bias voltages ranging from 0.2t0 0.6 V ... ...

Spectral simulation results for optical reflection and absorption in the
ptandn-InSblayers...... ... .. .. . i

Picture of the setup from Electrical Engineering of METU .. ........

Results of the spectral responsivity measurements are shown for 80
um (solid line) diameter and 60 pm (dotted line) diameter
photodetector . . . ... .o
(a) The schematic diagram of the optical parametric oscillator, (b)
pictures of the experimental setup . . .. ....... .. ... ... ... ......

Temporal response of a 30 um diameter detector under (a) 0.5V, (b)
1.OV,and (c) 2.5V Dbias ...

Temporal response of a 60 um diameter detector under (a) 0.5V, (b)
1.0V,and (c) 2.5V bias .......... i
Fast Fourier Transform of the temporal responses of the
photodetectors. Results for (a) 60 um diameter and (b) 30 um diameter
photodetectors as a function of bias are shown. (¢) 3-dB bandwidth of

the 30 and 60 um diameter photodetectors as a function of applied bias

Xvi

96

97
98

99

100

103

104

105



List of Tables

3.1
3.2
3.3
4.1
42
43
4.4
4.5

5.1
5.2
5.3

Etch rates of some recipes used in our processes .................. 33
Etch rates of some recipesusedinRIEetch ...................... 34
Growth conditions and properties of dielectric films ............... 41
Comparison of this work with the previous research ............... 50
Optical properties of various III-V semiconductor compounds .. ... .. 51
Band discontinuities of some heterostructure systems .............. 52
Epitaxial structure of the InGaAs based pin detector wafer .......... 57

Etch rates of some common etchants. The rates are indicated as

nm/sec. Stopmeansnoetch........... ... ... .. ... ... . ... 61
Gases and their absorption properties ....................co..u... 82
Properties of some low energy gap semiconductors . ............... 83
Epitaxial layers of InSb p-i-n photodetector . . .................... 85

xvii



Chapter 1

Introduction

The invention of the telephone led to an enormous world wide
telecommunication network. Especially during and after the Second World
War, the demand for the calling services resulted to both cheaper and faster
services. The invention of the first solid-state transistor in 1947, and then the
integrated circuit opened the age of computing and communication [1]. In
1960's researchers developed the first laser [2].

The development of the first commercially feasible optical fiber in
1970's made the fiber optic communication a promising candidate for
telecommunication [3]. In the early 1980's satellites capable of carrying nearly
100,000 simultaneous calls are used for telephone calls. Demand for the faster,
cheaper, and less noisy communication made the first transatlantic undersea
fiber-optic telephone cable possible that replaced the copper one that had been
installed in 1956. That was the first fiber-optic revolution in
telecommunication.

The second revolution came with the introduction of wavelength
division multiplexing (WDM). Telephone companies has laid cables containing
24 to 36 fibers with 2.5 Gbit/s rate, many had been reserved as “dark fiber”.

But the tremendous traffic has crowded these cables that once seemed so
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voluminous. This demand was due to the growth of the Internet, and the
demand for more information transform for entertainment and communication.
In the mid 1990's, companies began using systems capable of transmitting at
four wavelengths, and soon this number increased to eight. Nowadays, systems
with 40 channels of 10 Gb/s, or 80 channels of 2.5 Gb/s are available to be
used with dispersion managed fibers [4].

This high demand for better fiber optics communication systems led
scientist and engineers to work on components like lasers, modulators,
photodetectors, optical amplifiers, and optical fibers. The optical fiber offers an
operation bandwidth up to tens of THz. The research effort in optoelectronics
is devoted to fully exploit the fiber bandwidth. This can be possible with high
performance components.

Due to the properties of the commercial silica based fibers,
optoelectronic research focused at three wavelengths, where the minimum
attenuation occurs [5]. First one is located at 850 nm, which is called the first
optical window. GaAs based detectors are usually used for the detection. Local
area networks use this window, because the high loss in this wavelength
prohibits the communication for long distances. These systems need only
multimode fiber and transmitter, hence they are cheap. On the other hand, the
second and the third windows are located at 1310 and 1550 nm respectively.
The loss in these wavelengths is much less than the first optical window. Due
to low loss, these wavelengths are used for long distance fiber optic
communication. These systems require high speed modulator, detectors, and
repeaters. Semiconductor based photodiodes demonstrate excellent features to
fulfill the requirements of high speed optoelectronic receivers. GaAs and
InGaAs are the most studied materials for high speed photodetection.

Photodetectors have been demonstrated bandwidth capabilities as high as 200
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GHz [6-9]. However, the efficiencies of these detectors have been less than
10%, due to thin absorption layer needed for short transit time.

Resonant cavity enhanced (RCE) photodetectors offer the possibility of
overcoming this limitation of bandwidth-efficiency product of conventional
photodetectors [10]. The RCE photodetectors are based on the enhancement of
the optical field inside a Fabry-Perot cavity. This enhancement allows the
usage of thinner active layers, which minimizes the transit time without
sacrificing the quantum efficiency. This thesis reports the development of high
efficiency photodetectors with the use of RCE effect in variety of our detectors.

Chapter 2 reviews the theory of photodetectors. It also examines the
transport of carriers, and the high speed design. The chapter summarizes the
theory of resonant cavity enhancement (RCE) and presents the simulation
results of the RCE photodetectors. Finally it includes the techniques used for
the optical design of multilayer photodetectors.

Chapter 3 gives the details of the fabrication steps. Details of the
fabrication steps are also given. This chapter also includes the measurement
setups and procedures used during the characterization.

Chapter 4 explains the design, fabrication and characterization of
InGaAs based pin type photodetector. This detector includes RCE design for
the operation around 1550 nm. The fabrication procedure is given with details.
The results of the current-voltage, responsivity, and high-speed measurements
are given at the characterization part.

Chapter 5 is devoted to InSb based photodetectors. Design, fabrication
and measurement details are presented. This detector was designed for the
operation in the 3-5 um wavelength range, so that can be used for detection in
the mid-infrared region. The design and fabrication were done at Physics

Department of Bilkent University. Some of the measurements were done in
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collaboration with the Electrical and Electronics Engineering Department of

Bilkent University and Middle East Technical University.



Chapter 2

Theoretical Background

This chapter briefly explains the photodetector operation and the resonant
cavity enhancement (RCE) technique that is used to achieve higher
responsivity. Also design basics are presented. Section 2.1 explains the
operation of a semiconductor junction photodetector. Basic formulation of the
RCE technique is presented in Section 2.2. Finally, Section 2.3 explains the
design basics and calculation methods of optical properties of multi-layered

structures.

2.1 Photodetectors

Photodetectors can be classified into two categories: thermal detectors and
quantum detectors. Thermal detectors sense the radiation by its heating effect.
Thermal detectors have the advantage of wide spectral range and operation at
the room temperature, but they are limited as far as speed and sensitivity are
concerned. Bolometers, thermistors, pyroelectric detectors are widely used
thermal detectors.

Operation of quantum detectors depend on the discrete nature of
photons which can transfer energy of individual particles (electron and hole)
giving rise to a photocurrent. These devices are characterized by very high

sensitivity, high speed but limited spectral response. Photoemissive,

5
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photovoltaic, and photoconductive detectors are classified in this category. The
conductivity change in the photoconductive detectors is proportional to the
intensity of the radiation falling on the semiconductor. Rectifying junctions are
the basis of the photovoltaic detectors. Under the illumination, the excess
carriers created within the semiconductor generate a proportional output

current. In our work, we mostly design and fabricate photovoltaic detectors.

2.1.1 Photodetector Basics

A photovoltaic photodetector contains a depleted region with high electric field.
When photons are absorbed, charged carriers are generated inside the depletion
region. The photogenerated electron holes move in opposite directions until
they reach a highly doped contact layer or recombine. While the charges move
in the depletion region, a potential difference is created across it. This causes a
current flow through the circuit that the detector is connected. The depletion
region can be formed in different ways. Most popular are the p-n and metal-
semiconductor junctions.

The most popular photodetector type with a p-n junction is p-i-n
photodetector. In this structure, a lightly doped layer is placed between two
highly doped layers, where ohmic contacts are made. The lightly doped layer is
usually chosen to be n-type, hence a depletion region starting from the p-i
junction is formed. The width of the depletion region can be controlled with the
doping and applied voltage.

The highly doped layers are grown with a semiconductor having higher
energy band than the intrinsic region. In this way, all the incoming light is
absorbed in i-layer where the electric field intensity is high. As a result, the
diffusion of photogenerated carriers from the highly doped regions is not

present, and the speed of the photodetector is only limited by the transit time of
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carriers and the junction capacitance. The only difficulty in such hetero
junctions is the band discontinuities. If the discontinuity is high, charge
trapping at the interfaces degrades the performance of the photodetector.
Figure 2.1 shows an energy band diagram of a homojunction p-i-n

photodetector.

depletion
W ' region

i >

p+ region n- region n+ region

Figure 2.1: Energy diagram of a p-i-n photodetector.

When we investigate the current-voltage characteristics of the p-i-n
photodetector, we see that the current is due to the sum of the diffusion and the
generation-recombination currents inside the intrinsic region. Then the current

density can be written as:

D 2 _2 I
J= q pnl + ann' |:exp (%j_l} + an| |:exp( qVA j_l:| (21)
LDND LnNA kT 2t 2kT

Here W is the width of the depletion region, D, and D, are the diffusion

coefficient of minority carriers, L, and L, are the diffusion lengths, Ng and N,

are the doping concentration of the n+ and p+ regions. n; is the intrinsic carrier
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concentration, zis the carrier lifetime, and q is the electron charge. Usually Na
and Np are very high, and the diffusion current is negligible. Forward current
has an exponential dependence on the applied voltage. The reverse current
(dark current if there is no illumination) is constant and given by:

_ qWn,

J 2.2
GR= 5 (2.2)
depletion
W | region

] [N -

metal semiconductor

Figure 2.2: Energy diagram of a Schottky photodetector.

On the other hand, a Schottky type photodetector consists of a metal-
semiconductor junction and the depletion region. The theory of rectification in
metal-semiconductor junction was developed in 1930’s by W. Schottky who
attributed rectification to a space-charge layer in the semiconductor [11].
Figure 2.2 shows the energy band diagram after the contact is made and the
equilibrium has been established. When the two substances are brought into
intimate contact, electrons from the conduction band of the semiconductor,

which have higher energy than the electrons in the metal, flow into the metal.



CHAPTER 2. THEORETICAL BACKGROUND 9

This process continues until the Fermi level on both sides is brought into
coincidence. As the electrons move from semiconductor to metal, the free
electron concentration in the semiconductor region near the boundary

decreases. The length of this region is given by [12]:

2¢&
W _q/qu(Vbi -V) (2.3)

where, Ny is the ionized donor density, ¢ is the dielectric constant of the
semiconductor, Vy; is the built-in potential, V is the applied voltage. As the
separation between the conduction band edge E. and the Fermi level E;
increases with decreasing electron concentration and in thermal equilibrium E;
remains constant, the conduction band edge bends up. The conduction band
electrons which cross over the metal leave a positive charge of ionized donor
atoms behind, so the semiconductor region near the metal gets depleted of
mobile electrons. Consequently an electric field is established from the
semiconductor to the metal. The build-in potential due to that electric field is

given by the difference of the work function of metal (&) and semiconductor
(¢):
Vi =& — 9 (2.4)

The current transport in the metal-semiconductor contacts is mainly due
to majority carriers, in contrast to p-n junctions. There are four different
mechanisms by which the carrier transport can occur: (1) thermionic emission
over the barrier, (2) tunneling through the barrier, (3) carrier recombination (or
generation) in the depletion region, and (4) carrier recombination in the neutral
region of the semiconductor. Usually the first process is the dominant
mechanism in Schottky barrier junctions in Si and GaAs and leads to the ideal
diode characteristics.
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The thermionic emission theory is derived by Bethe [13] for high-
mobility semiconductors, and the diffusion theory is derived by Schottky [11]
for low-mobility semiconductors. A synthesis of the thermionic emission and
diffusion approaches has been proposed by Crowell and Sze [14]. The

complete expression of the J-V characteristics is given by:

J=J, [exp(%’ij —1} (2.5)
J, =A"T? exp(— (I’;_BJ (2.6)

where A™ is the effective Richardson constant.
Some metal-semiconductor-metal (MSM) photodetectors have Schottky
contacts while some of them have ohmic contacts between the metal and

semiconductor.

2.1.2 Photodetector Structures

Conventionally, the photodetectors are illuminated vertically, i.e., normal to the
epitaxial layers. Usually incoming light first travels through the detector layers,
and the optical power not absorbed pass through the substrate, as shown in
Figure 2.3(a). In some cases light is launched from the bottom, initially through
the substrate (usually thinned for lower absorption) and finally through the
detector layers (as shown on Figure 2.3(b)). This type of illumination is very
easy to couple all the incident power into the active area of the photodetector.
In some cases, the top contact (either ohmic or Schottky) is used as the mirror.
In this case optical power passes through the active layer twice; hence the

quantum efficiency is increased.
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Figure 2.3: Crossection of vertical illuminated photodetectors.

The other possible illumination is from the edge of the wafer as shown
on Figure 2.4. The width and the thickness of the waveguide must be small to
operate the waveguide in the singe mode. In this configuration, the coupling of
the incident power into the waveguide is the main problem. The coupled light
travels along the waveguide, generating electron hole pairs. If the length is high
enough, all the power can be absorbed in the waveguide. The loss due to the

absorption in the contact metals must be minimized.

)

substrate

Figure 2.4: Crossection of edge illuminated photodetectors.



CHAPTER 2. THEORETICAL BACKGROUND 12

2.1.3 Photodetector Operation

We observe the transit of the photogenerated carriers inside the
depletion region. We start with an optical excitation at some specific point.
Modeling the depletion region as a parallel plate capacitor, we obtain the

current flowing out of the capacitor as:

I =3(ve +v,) 0<t<t,

Izzﬂv 1, <t<t,

d €
Here d is the width of the depletion region; ve, and vy, are the drift velocity of

I out (t) = (2.7)

electron and holes, respectively; and t., and t, are the time of transit for
electrons and holes, respectively. We assumed that the excitation is made at a

location where t.>t;,.

>

pho4

Figure 2.5: Output current versus time for a constant illumination across the
depletion region.
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For a constant illumination through the depletion region, the results
found in Eqg. 2.7 must be integrated for all points inside the depletion region.
The result of this integration is shown in Figure 2.5. Here it is assumed that
Ve>Vp, Which is the case for most of the semiconductors. The measured voltage
on the load resistance will depend on the capacitance of the photodetector and
the load resistance.

The junction resistance (R;) is much higher than both the series (Rs) and
the load resistance (R.), so that it can be neglected in the calculations. The
junction capacitance and the series resistance form a low pass filter that limits
the bandwidth of the photodetector. The junction capacitance can be simply
found as C; = eA/d, where ¢ is the electrical permittivity, A is the area of the

photodetector, and d is the width of the depletion region.

[|
I
Py
<

J J

Ipho@ R. C

.
.............................

Figure 2.6: Small signal equivalent circuit for photodetector.

The 3-dB roll-off frequency of the RC limited photodetector can be found as:
1 1

fre =050~

27 (R +R;)C;

The other limit on the frequency response is the transit time of the carriers. The

(2.8)

3-dB roll-off frequency for transit limited case is:

f, = o.45";|ar (2.9)

where, Vcar IS the velocity of the carriers.
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Another important characteristic of the photodetector is the quantum
efficiency or the responsivity. When a photon, with wavelength A whose
energy is larger than the bandgap, is absorbed in the depletion region, an
electron hole pair is generated. These carriers are swept away by the electric
field. The number of electrons generated per incident photon is defined as the
quantum efficiency, which is expressed as [15]:

B 1,/q
77_7
P /(hv)

opt
where, I, is the photo-generated current, and Poy is the optical power at

(2.10)

frequency v. The relation between the responsivity and the quantum efficiency
can be written as:

1.24xR
]7 =

A
where, A is in microns, and responsivity (R) is in amps per watt (A/W).

(2.11)

For classical single pass, vertical illuminated photodetectors, the

quantum efficiency is given by:

n=>1-R)(l-e™) (2.12)

where, R is the reflectivity of the front surface, o is the power absorption
coefficient, and d is the thickness of the active layer. So, to maximize the
quantum efficiency, the surface reflectivity must be minimized, and single pass
absorption must be maximized. Reflectivity can be minimized using anti-
reflection coatings, and single pass absorption can be maximized by increasing
layer thickness.

For the transit time limited photodetector, the thickness is small, and ad
is much smaller than one. In this case, the quantum efficiency can be
reformulated as:

n=(01-R)xd (2.13)
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In this case, the bandwidth efficiency product can be obtained as:
f, xn=0.451-R)av,,, (2.14)
which is independent of the active layer thickness.

2.2 Resonant Cavity Enhancement

For transit time limited photodetectors, the depletion region must be kept thin
enough to achieve high-speed operation. On the other hand, for high quantum
efficiency, the depletion layer must be sufficiently thick to absorb a high
fraction of incident light. To overcome this trade off between the response
speed and efficiency, a conventional photodetector with a thinner active layer
can be placed inside a Fabry-Perot micro-cavity. Thin active layer results in
lower transit time, but performance of the photodetector with the help of the
cycling of the optical power inside the cavity, is increased [10]. This kind of
enhancement of the quantum efficiency is called Resonant Cavity
Enhancement (RCE). The RCE effect was proposed in 1990 and was applied to
a broad range of detectors: Schottky [16, 17], p-i-n [18-20], avalanche [21, 22],
and MSM [50] photodiodes.

2.2.1 RCE Formulation and Optimization

Figure 2.7 shows a generalized structure of an RCE photodetector. Although
metal coatings can be used as mirror, lossless distributed Bragg reflectors
(DBR) are used as mirrors of the micro-cavity, as the aim is to achieve
maximum efficiency. The active layer, where the absorption occurs, is placed
between these mirrors. L is the length of the cavity, and d is the thickness of

the active layer. The field reflection coefficients of the top and bottom

reflectors are I’lefi‘”l and I’Zefi‘”2 , Where @, and @, are phase shifts due to the

light penetration into the mirrors.
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top mirror

Efz“i

active layer

Figure 2.7: Generalized structure of a resonant cavity enhanced
photodetector.

E; represents the electric field amplitude of the incident light, while E; is
the forward traveling wave at z = 0, and Ey is the backward traveling wave at
z = L = Ly+d+L,. In the cavity, E; is composed of the transmitted wave from
the first mirrors and the reflected wave from the second mirror. Therefore, the
forward traveling wave, E;, at z = 0 can be obtained in a self-consistent way:

E, =t,Ei+rre @ bibgn@he)g (2.15)
where, B = 2nn/Ay , o and oex are the absorption coefficients of the active and
cavity layers respectively. Solving for E; gives us

tl
C1l-nr g W en(litle) o124 te,)
172

E, (2.16)

and the backward traveling wave, Ey, at z = L can be expressed as:



CHAPTER 2. THEORETICAL BACKGROUND 17

—-ad -, (L+L,)
Creze 2 ailAe) 2.17
E.=re?e e E, (2.17)

The optical power inside the resonant cavity is proportional to the refractive

index of the medium and the square of the electric field amplitude.

P(z) «c|E(z)’n (2.18)
If we neglect the standing wave effect, the power absorbed in the active layer

in terms of the incident power is given by:

B (1_r12)(e_aext|-l +rzze_aext|-2_ac|-)(1_e_ad)
1-2rre " cosA + ¢, + @,) + (rr,) e 2%
where o¢ = (cext(L1+L2)+ad)/L. Under the assumption that all the

(2.19)

a

photogenerated carriers contribute to the current, n is the ratio of the absorbed

power to the incident optical power, i.e., n = P4/P;. Hence:

(e*aextl-l + R e*aextLZ*acL) ~
n= T : — [A-R)@-e)
1-2/RR,e™ cos@A+¢, +¢,)+RR,e™

(2.20)
While designing the detector, the cavity layers are chosen such that all the light

is absorbed in the active layer aex: < a. The expression in the square braces is
called the enhancement, as it is the multiplier to the quantum efficiency of a
conventional photodiode. Enhancement can be rewritten as:

1+R,e™)

enhancemert = ~ —
1-2,/RR,e™ cos@pL+ ¢, +¢,)+RR,e”

(2.21)

From this expression, it is seen that n is enhanced periodically at the resonant
wavelengths of the cavity, 2pL + @, + @, = 2om (m = 1,2,3...). This term

introduces the wavelength selectivity of the RCE effect.
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From the expression for the quantum efficiency (n), it is seen that three
parameters R;, Ry, and ad effect n. Ry, the reflectivity of the bottom mirror,
should be designed as high as possible. Otherwise, due to the transmission
from the bottom mirror, the performance of the detector decreases dramatically.
The other parameter is the reflectivity of the top mirror. When the quantum
efficiency is maximized with respect to Ry, the following condition is obtained:

R, =R,.e?* (2.22)
If top mirror reflectivity is low, the light is lost from the cavity in the form of
reflection. On the other hand, if it is high, incoming light cannot be coupled

into the cavity.

2.2.2 Standing Wave Effect

While deriving the formula of the quantum efficiency, the spatial distribution
of the optical field inside the cavity was neglected. This spatial distribution
arises from the standing wave formed by the two counter propagating waves.
This is referred as standing wave effect (SWE). The SWE is conveniently
included in the formalism of n as an effective absorption constant, i.e., o =
SWE x a.. The effective absorption constant o iS the normalized integral of o

and the field intensity across the absorption region.

d
é [(2)E@ 2 dz
aeff = 02,1/2 ) (223)
o !\E(z,ﬂ)\ dz

When detectors with thick active layers, which span several periods of the
standing wave, are considered, SWE can be neglected. For very thin active
layers, which are necessary for strained layer absorbers, SWE must be

considered.
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2.3 Optical Design

Our detector designs, like other RCE photodetectors, vertical cavity surface
emitting lasers (VCSEL), and distributed feedback lasers (DFB) are quite
complicated. The devices contain micro cavities, which are formed with low
loss mirrors. The reflection amplitude and phase from these mirrors are not
trivial. Also the optical properties of the materials used in the cavities are
wavelength dependent and this makes rather difficult to predict the optical field
in such multilayer devices, therefore a good simulation method is needed for
the analysis before the growth. Transfer matrix method (TMM) is commonly
used, which provides a simple and accurate technique to calculate electric and
magnetic field distributions inside the cavity.

2.3.1 Transfer Matrix Method

When a layer is modeled from an optical point of view, it is seen that it consists
of two elements; an interface where an abrupt refractive index difference
occurs, and a slab where refractive index is constant and extends for a certain

width. Refractive index is defined as the square root of the dielectric constant
of the medium; n=+/¢ . Usually the dielectric constant is complex and the

imaginary part is due to the absorption in the medium, and refractive index can

be simplified as n=n_, —in where both n_, and n,, are real and

real imag imag
positive numbers.

The electric field at any point can be modeled as superposition of
forward and backward going waves as shown in Figure 2.8. When the Maxwell
equations are solved, the continuity of the electric and magnetic field at the

interface is obtained.
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Figure 2.8: Electric field amplitudes at the interface.

The relation between the forward and backward field amplitudes before
and after the interface has the relation:

E 111 E
{ ”}:_{ HH Zf} (2.24)
Elb tlZ r12 1 E2b

where, t1,=(2*n1)/(n1+ny), r=(n1-n2)/(n1+nz). ny and n, are the refractive

indexes of the consecutive layers.

The electric field inside the layer can be found by propagation of plane

|:E2f(x):|_ e’ 0 ,{Ezf:| 2.25
E,, (X) 1o e E (2.23)

where, k=(2rtn)/A is the wave vector in the medium. When x is chosen as the

waVve:

width of the layer (as shown in Figure 2.9), the electric field just at the left of
the next interface can be found.
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Figure 2.9: The propagation of wave inside the same medium.

If the two matrices given by eq. 2.24 and eq. 2.25 are combined, a transfer
matrix of the layer for the field amplitudes is given as:
i, i6m
T =%Lmee‘5m rgei(sm } (2.26)
where, tn=(2 Nm)/(Nm+ Nm+1), Tm=(Nm-Nm+1)/(Nm+ Nm41), and Sm=Kndm. Cascading
these matrices for N layers, total matrix of the multiplayer structure can be
constructed as:

Ttotal = ToTsz '“TN—lTN (2-27)

The relation between the electric field at electric field at the left and at the right

sides of our system as depicted in Figure 2.10 is given by:

Ei _T E
|:Eib:|_ total Efb (228)

For a detector structure shown in Figure 2.10, E, is zero; hence Ex and

Ei, can be solved in terms of Ej; easily.
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Figure 2.10: Electric field values before and after the structure.

When a measurement like reflectivity is made, the reflected power is
measured not the electric field. The same is valid for the transmission and

absorption. The power associated with a plane wave can be found by:

.1 -
S=—ExB (2.29)
U
and using the relation between the electric and magnetic field amplitudes for a
plane wave:
L1~ -
B=—kxE (2.30)
(4]

The power is proportional to the square of the electric field amplitude and the
refractive index of the medium. Then the reflectivity and transmittivity of the

structure are given by:

— (2.31)

Tl (232)
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Calculating the total power entering and leaving that layer, we can find
absorption of this layer [23-25]. Also the same calculations apply for the
oblique incidence with small modifications. Sample TMM calculations are

shown at the appendix.

2.3.2 Distributed Bragg Reflectors

As shown in the previous sections, the aim is to place the active layer inside a
cavity formed by two mirrors. Good designs require bottom mirrors with high
reflectivities. Although metals are good reflectors, their reflectivities (R~95
can be achieved) are wavelength dependant, and semiconductor layers cannot
be grown on them.

Distributed Bragg reflectors (DBR's) are widely used in optoelectronic
applications such as detectors and semiconductor lasers. A DBR is a periodic
stack with two alternating quarter-wave thick materials with different optical
properties. Each pair consists of two layers with refractive indices n; and ny,
and layer thickness of AcJ/4n; and Ac/4n, respectively. Ac is the central
wavelength of the mirror where reflectivity is maximum.

When the light is reflected from different interfaces of one pair, it is
observed that all the light is at the same phase resulting in a constructive
interference hence increasing the reflectivity. Applying TMM for a DBR at

center wavelength A, results in a simple expression for the reflectivity as:
2N
n
= —21 (2.33)

where N is the number of mirror pairs in the stack. For large values of N

reflectance approaches unity, and for a fixed N reflectivity increases as n,/n;
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increases. Also width of the highly reflective wavelength span increases as the

index difference between the layers increases.
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Figure 2.11: Reflection spectrum and phase difference of InP/Air DBR with 3
pairs.
The phase difference between the incidence and reflected wave is a

function of the wavelength. The reflectivity and the phase difference between
the incidence and reflected waves for InP/Air and InP/InAlGaAs DBRs are
shown in Figure 2.11 and Figure 2.12.
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Figure 2.12: Reflection spectrum and phase difference of InP/InAlGaAs DBR
with 40 pairs.



CHAPTER 2. THEORETICAL BACKGROUND 25

In the InP/Air DBR, the index difference is 2.167. Three pairs are
enough to get 99.6% reflectivity with this structure. If the high reflectivity band
of this structure is observed, it is seen that its FWHM is higher than 1000 nm.
While InP/InAlGaAs DBR has index difference of only 0.293. This DBR needs
40 pairs to achieve 99.5% reflectivity. Also due to lower index contrast,
FWHM is less than 100 nm.

With a small change in the design of the DBRs, the nature of these
mirrors can be changed. If the width of one of the layers (with a refractive
index of n;) increased from Ac/4n; to Ac/2n;, the structure becomes transparent
around A, while still reflecting other wavelengths. In this case, the multiplayer
stack functions as a notch filter. Such filters have been demonstrated at various
wavelengths on both silicon and GaAs based devices [26-28]. Figure 2.13
shows the transmission spectra of notch filter, which consists of Si and SiO,
layers operating around 1550 nm.

100
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Transmission (%)

O T T T T T
1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Figure 2.13: Transmission spectrum of Si/SiO, notch filter centered to 1550
nm.



Chapter 3

Fabrication and Characterization

This chapter presents the fabrication and characterization process that was
completed in Advanced Research Laboratories at Bilkent University. Section
3.1 explains the basic fabrication steps, while section 3.2 presents the

measurement setups.

3.1 Basic Fabrication Steps

This section explains the details of fabrication steps completed in a Class-100
clean room environment. With the application of three or four of them, usually

one fabrication step of the photodetectors are completed.

3.1.1 Sample Cleaving

The wafers that are used for the fabrication of photodetectors in this thesis are
usually quite expensive and hard to grow. That’s why we prefer working with
small samples cleaved from the wafer. Sample sizes are around 7x7 mm?, and
the mask is 6x6 mm?. We use a diamond tipped scriber-pen to define a line at
the back of the substrate. After defining the shape of the sample, the wafer can
be easily cleaved. The thicknesses of the wafer are usually 350 um for 3-inch

wafers, and 600 um for 4-inch wafers.

26
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Figure 3.1: Photographs of some samples with fabricated photodetectors on
them.

3.1.2 Sample Cleaning
The samples are cleaned at every step. The residues from the previous step
must be cleaned. Three different solvents are used for the cleaning, namely
trichloroethane, aceton, and isopropanol alcohol. Samples are dipped into them
in order. The details of the cleaning are as follows:
e Samples are immersed into the boiling trichloroethane for 2 minutes.
e Then the samples are kept in acetone at room temperature for 5 minutes.
Acetone dissolves organic molecules, and the photoresist.
e Next samples are kept in boiling isopropanol alcohol for 2 minutes.
This alcohol cleans the residues from the previous step.
e Samples are rinsed in the de-ionized (DI) water flow and dried with

nitrogen gun.
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e Although the sample is dried with nitrogen flow, there remains a very
thin layer of water at the surface. To evaporate this water, samples are
baked at 120 °C on the hat plate for 2 minutes. This bake is called
dehydration bake.

3.1.3 Photolithography

Before the fabrication, the mask is prepared which contains the features to be
transformed onto the samples. The CAD program named Wavemaker is used
for the preparation of the digital file. The features for each step are placed on
6x6 mm? area. These features are the photodetectors, test diodes that does not
contain interconnect metallization, ohmic test patterns, development marks that
are used to check the quality of the photolithography and development, and the
alignment marks that are used to align the mask with respect to the sample at
each step. One mask usually contains 25 dies, where each die has the patterns
for one lithography step. The size of the masks is 4x4 inch?® so that all the dies
can be used with the mask aligner. Figure 3.2 shows photographs of our masks.

Figure 3.3 has some plots from the digital mask file.

Figure 3.2: Photographs of the masks.
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Figure 3.3: Plots from the mask file (a) a photodiode with 100 um diameter
active area, (b) development marks used in the p+ ohmic step, (c) p+ ohmic
transmission lines and the development marks, and (d) alignment marks.

Photolithography starts with covering the surface of the sample with a
chemical, which contains polymer that is sensitive to ultraviolet radiation. This
chemical is called photoresist. The AZ-5214E type photoresist produced by
Clarient is used. To achieve a uniform thickness, the sample is spinned at 5000
rpm for 40 seconds. The thickness of the photoresist obtained after this spin is
around 1.35 um. The thickness can be changed by changing the spin rate [29].
This photoresist is sensitive to UV radiation in the 310 — 420 nm spectral range.
The Karl-Suss MJB3 mask aligner is used for the alignment of the samples and
exposure. The aligner has a mercury lamp that has a high power emission

around 365 nm. Before the exposure, the sample is baked on a hot plate at
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110°C for 55 seconds. This bake is called the soft-bake. At this point, the

process can be varied to get both positive and negative resist.

Figure 3.4: Plot of the mask containing large area photodetectors. All the
fabrication steps are shown aligned to each other. The mask contains around

115 photodetectors.

Normal Photolithography: After the soft-bake, the sample is
exposed with the mask with a total energy of 150 mJ/cm?® The
photoresist at the exposed area becomes soluble in the developer.
Image-reversal Photolithography: After the pre-bake, the sample
is exposed with the mask with a total energy of 50 mJ/cm?. Then the
sample is baked at 110 °C for 2 minutes. The exposed photoresist
becomes inert after this step. Then the whole sample area is exposed
without a mask with a total energy of 150 mJ/cm?® Then the
unexposed area in the first exposure becomes soluble in the
developer. The explanation of this process is also shown in Figure
3.5.
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Figure 3.5: Image-reversal photolithography (after reference [30]).

3.1.4 Development

For the development of the exposed samples, AZ400K developer is used with a
1:4 (Developer:H,O) volume ratio. As the soluble regions of the resist are
etched by the developer, change in the color can be observed with naked eye.
When this color change stops, the sample is rinsed under DI water. After
drying the sample, the alignment and the development is checked. The
resolution patterns must be sharp, and for a good photolithography about 1 um
resolution should be observable. The resolution of the image-reversal
photolithography is less than the normal photolithography. The AZ400K
developer contains metal ions and is based on potassium hydroxide. This

developer affects the semiconductor layers containing Aluminum.
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3.1.5 Etch

The etch process is used for transforming the defined patterns onto the

underlying metal, semiconductor or dielectric layers, so that the desired layer is

reached for the subsequent process. Etching is also used for cleaning and

thinning photoresist, removing damaged material, polishing, and removing

surface oxides. Etching is done in two different methods, either by using

chemical reactants present in aqueous solution (wet etch) or with the help of

ions and molecules present in a plasma (dry etch).

Wet Etch: Chemical reactions that occur at the surface of the material
with the reactants present in the solution. For the semiconductors, the
etching is basically done by oxidation or reduction of the surface and
then removal of the soluble reaction product. The etch rate may be
limited by the transport of the reactants and the products. This type of
etches are diffusion-controlled etches. This type of etch is usually
anisotropic and agitation of the solution changes the etch rate and
profile. The etch is called reaction-limited etch, if the reaction has a
rate-limiting step. These type of etches can be isotropic, and the rate is
insensitive to agitation [31]. We bake the resist at 120 °C for 1 min, to
refrain the photoresist from the tension that occurs during the
development. This bake enhances the adhesion to the substrate at the
contours of the photoresist, which decreases the under-etch for deep
etches. Figure 3.6 (a) shows a wet etch profile of GaAs where the
under-etch is more than expected. Some of the etch recipes that are
used in our lab are listed in Table 3.1.
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Figure 3.6: SEM picture wet etch profiles.

Table 3.1: Etch rates of some recipes used in our processes.

Etchant Etched Layer Etch Rate
(nm/sec)
H3PO, : H,0;,: H,O  (1:3:40) InGaAs, InAlAs 45,5.0
HCI : H3PO4 (1:3) InP 125
H3PO4 . H202 X Hzo (115) InAS 12.5
Citric acid : H,0, (1:1) InSb ~04-05
HF : H,0; : H,0 (2:1:100) GaShb 30.0
NH; : H,0, : H,O (2:1:75) GaAs, Alo,zGaolgAS 5.0, 8.1

Dry Etch: Dry etching techniques use plasma-driven chemical
reactions or energetic ion beams. Some of dry etching techniques are
plasma etching, reactive ion etching (RIE), reactive ion-beam etching
(RIBE), sputter etching, and ion milling. Plasma etch occurs either by
the bombardment of the surface with highly energetic ions where the

etching is made mechanically, or by the chemical reactions between the
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gases and the surface. In the later, volatile products are generated which
are pumped out of the reaction chamber. Changing the gas pressure and
ion energy can control degree of isotropy. Usually higher gas pressure
results isotropic etch. Ultra high vacuum (UHV) RIE machine is used
for dry etching. With appropriate gases, dielectrics, semiconductors,
resist, even metals can be etched with this system [32-34]. Currently
CCIyF,, SFg, CHF3, O,, CF4, and H, gases are available in our system.

Some of the recipes are listed in Table 3.2.

Table 3.2: Etch rates of some recipes used in RIE etch.

Plasma Condition Etch Results

RF Power :51 W
Pressure :7 uBar
0, : 20 sccm
Self Bias : 350V

Hardened Photoresist : 70 nm/min

RF Power :51W
Pressure : 4 uBar
CCl,F,  :20sccm
Self Bias :360V

GaAs : 100 nm/min
Alg3Gag7As : 30 nm/min
Photoresist : 10 nm/min

RF Power :99 W
Pressure :10 uBar
CCl,F,  :20sccm
Self Bias :490V

InP : 50 nm/min
InGaAs : 55 nm/min
Photoresist : 12 nm/min

RF Power : 200 W

Pressure :15 uBar InP : 36 nm/min

CH, : 10 sccm (CH4 currently not available)
H, : 20 sccm (Damages the photoresist)

O, : 0sccm (Polymer deposition on the mask)

Self Bias :570V
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RF Power : 69 W Si: 12.5 nm/min
Pressure : 20 uBar SizNg : 70 nm/min
CHF3 : 60 sccm SiO; : 1.1 nm/min
0, : 5scem Photoresist : 32 nm/min

Self Bias : 350V

GaAs : 300 nm/min
InAs : 60 nm/min
SisNy : 40 nm/min
SiO; : 25 nm/min
ITO : 20 nm/min
Photoresist : 45 nm/min
GaN : 31 nm/min
A|0_38Gao_62N : 13 nm/min
Hardened Photoresist : 22 nm/min

RF Power : 99 W
Pressure : 8 uBar
CCl,F,  :20sccm
Self Bias :490 V

RF Power : 150 W
Pressure :10 uBar
CHF3 : 60 sccm
0, : 5scem
Self Bias :550V

SiO, : 17 nm/min
Photoresist : 42 nm/min

While most of the I11-V semiconductors materials can be etched using a
wet etch techniques, GaN and related materials cannot be etched easily in this
way. We use only RIE with CCI,F, gas to etch GaN and other wide band-gap

materials [35].

3.1.6 Metallization

Metals are deposited onto the sample for ohmic, Schottky, or interconnect
metallization. Metals and dielectric coatings are deposited inside ultra high
vacuum LE590 box coater, using thermal evaporation or radio frequency (RF)
sputtering technique. In both methods, the pressure of the process chamber is
lowered to 5x10° mBar. The deposition rate and the total thickness of the film

are monitored during the process.
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We usually pattern the metal layer using a technique called lift-off.
Metal is deposited on patterned photoresist. Deposited metals stick to the
surface of the sample at the openings. The metals on the photoresist are lifted-
off later. For the thick metallization, image-reversal photolithography is
preferred. The negative slope of the photoresist enables a discontinuity
between the metal at the openings and the photoresist.

e Thermal Evaporation: Pallets or powder of metals are placed inside
tungsten boats. When we pass current though the boat, metals start
evaporating. By changing the current, we can control the evaporation
rate of the metals. Hot metal atoms from the boats spread inside the
vacuum and stick to the sample and cold surfaces. Gold (Au),
Germanium (Ge), Nickel (Ni), Titanium (Ti), and Aluminum (Al) are
deposited with this method in our lab.

e RF sputtering: Samples are placed on top of the target. The target
contains the material to be deposited on the sample. With the help of
argon and the RF power, argon atoms break bonds of the target. The
ions from the target move up to the sample. If enough ions accumulate
at the surface, they join and nucleate. After forming islands on the
surface, they combine and for a layer of film. Indium-tin-oxide (ITO) is

deposited with this method.

3.1.7 Lift-off

After the metallization, the metals deposited on top of the photoresist must be

removed from the sample. Samples are soaked into the acetone. As acetone

dissolves the photoresist, the metals on them also are lifted-off from the sample.
This process is quite easy if these metals have no connection with the

ones at the openings. Otherwise ultrasound must be used to agitate the sample
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and break the contact between these two metal regions. It is easier to use the
lift-off technique if thermal evaporation is used compared to the sputter
technique, as thermal evaporation does not produce a good step coverage on

the sidewalls of the photoresist.

3.1.8 Thermal Annealing

Rapid thermal annealing (RTA) is used to heat the samples very rapidly to very
high temperatures (as high as 1400 °C) to form ohmic contacts. Flash lamps are
embedded into the RTA device as the heat source. Samples are heated under
the radiation of these flash lamps for a certain time. The environment contains
forming gas, which is a mixture of hydrogen (5%) and nitrogen (95%).

The contact between the metal and the semiconductor surface has a
barrier called Schottky barrier, hence this is a rectifying contact. The electrons
can flow from one region to the other either by thermionic emission over the
barrier or by tunneling though it. Most ohmic contacts are achieved by
decreasing the width of the potential barrier.

As the doping of the semiconductor increases, the width of the barrier
decreases, and the tunneling can begin without a resistance, i.e., resulting in a
good ohmic contact. The high doping can be achieved by alloying the metal
with the semiconductor, which is possible with the thermal treatment. The
alloy temperature and time has an important effect on the resistance of the
contact. Increasing the temperature to the optimum value decreases the contact
resistance down to the minimum achievable value. Further increase of the
temperature usually increases both the resistance and the morphology of the
contact [37]. The optimum annealing conditions of each ohmic contact must be
determined for every different wafer.
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The resistance of the contact is determined using a series of ohmic
contacts with varying distance between them. The crossection of such contacts
are shown in Figure 3.7 (a). The total resistance can be modeled as two contact
resistances (R¢) and the sheet resistance (Rs) of the semiconductor as shown on
Figure 3.7 (b). By plotting the resistance versus distance between contacts (L)
graph, we determine the contact resistance (half of the y-intercept) and the
sheet resistance of the semiconductor layer (slope of the line times the width of
the ohmic contact). Figure 3.7 (c) shows the series of ohmic contacts used for

this measurement.
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Figure 3.7: (a) The current flow between the contacts. (b) The schematics of the
model used for the ohmic contact characterization. (c) The p+ ohmic
transmission line (center) is used for ohmic quality measurements. Also the
alignment marks (up) and the development marks (bottom) can be seen.

3.1.9 Dielectric Deposition
Dielectric layers are used for metal-insulator-metal capacitors, CMOS devices,

and photodetectors. The dielectric coatings in our process are used for surface
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passivation, anti-reflection coating, and top DBRs. These dielectric layers can
be deposited by RF sputtering or plasma enhanced chemical vapor deposition
(PECVD) technique in our lab. The repeatability of the first method isn’t very
good. The optical and mechanical properties of the films can fluctuate very
much through the sample. Instead, PECVD method is preferred, which has
high uniformity and repeatability. Also the optical and mechanical properties
of the films can be controlled with the flow rates of the gases and process
temperature.

Our device is a computer controlled Plasmalab 8510C reactor. It has a
chamber that contains a parallel plate for the application of RF (at 13.56 MHz),
heater, temperature controller, gas flow controllers, and pressure controller.
With the application of RF signal, we produce chemically active species inside
the plasma and reaction takes place at the hot surface of the sample. The gases
used in our lab are silane (2% SiH4:98% N;), ammonia (NH3), and nitrious
oxide (N20). The deposited films are amorphous, and byproducts are pumped
out of the process chamber. The overall reactions for the deposition of SiO,
and Si3N, films are as follows:

3SiH, + 4NH, — Si;N, +12H,
and
SiH, +2N,0 — SiO, + 2H, + 2N,

It is better to use lower RF powers (10-50W) and moderate
temperatures (200-350 °C) to get a good quality films. The refractive index of
the films can be controlled by changing the flow rates of the gases [36]. In our
process, we try to get high index nitride layers for the antireflection coatings.
Increasing the silane flow rate can increase the refractive index. But increasing
it to high values results in films that can’t be etched easily with diluted HF. We

usually prefer 20 W RF power during the growth. Our process conditions and
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the properties of the resulting films are given in Table 3.3. Figure 3.8 contains

pictures of the devices used during these process steps.

¥ —— Hglamp

electronic

control
holder

Control Unit

Figure 3.8: Pictures of equipments: (a) mask aligner, (b) surface profilometer,
(c) thermal evaporator and RF sputter, (d) PECVD, (e) RIE, (f) RTA
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Table 3.3: Growth conditions and properties of dielectric films.

Plasma Condition Film Properties
RF Power =10 W RF Power =20 W RF Power =50 W

Silane :180 sccm

NHs; : 45sccm Rate: 10.7nm/min Rate: 12.8nm/min Rate: 17.0nm/min
Pressure: 1000 mTorr Index: 1.72 Index: 1.76 Index: 1.77
Temp :250°C

Silane :180 sccm

N,O  :710sccm Rate: 32.0nm/min Rate: 40.6nm/min Rate: 43.2nm/min
Pressure: 1000 mTorr Index: 1.46 Index: 1.46 Index: 1.47
Temp :250°C

3.2 Measurement Setups

This section briefly explains the measurement setups and techniques in our
measurement lab in Class-10000 environment.

3.2.1 Reflection and Transmission Measurements
The reflectivity of the grown wafer is the first data that can be used to
understand the layer properties of our detectors. Also the reflection and
transmission results of dielectric films give us the optical properties of these
films. A fiber optic based setup is used for these measurements. The light
source and the detector change for different wavelength range.

For the measurements at the ultraviolet (UV) and visible range,
deuterium-tungsten light source is used, and the light is coupled to reflection
probe. The reflected or the transmitted light is again coupled to another fiber,
which delivers the light to the spectrometer located in one of the PCI bus of the

computer.
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For the infrared region we use two different setups. First consists of a
halogen lamp whose light passes through a monochromator and coupled to the
fiber arrangement explained before. Then the optical power is measured with
optical powermeter. The other setup consists of the halogen light source and
the fiber probes. But the reflected of transmitted light is measure with optical
spectrum analyzer. The setup used for the infrared measurement is shown in

Figure 3.9.

e |

@ (b)
Figure 3.9: (a) The reflectivity measurement setup. The light source (blue) the
fiber probe and the optical spectrum analyzer can be seen. (b) The reflectivity of
the InGaAs based photodetector wafer.

3.2.2 Current Voltage Measurements
We make the on-wafer measurements with the help of probe station (shown in
Figure 3.10(a)), where various probes including DC contact probes, fiber
holder, and microwave connection probes can be placed. These probes are used
for the electrical and optical characterization.

For the current-voltage characterization we use computer controlled
HP4142B DC Source monitor unit. Using the computer, either current or
voltage inputs are provided, and the corresponding characteristics are measured

with the same module. This setup is also used for the characterization of the
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ohmic contacts with the help of accurate voltage measurement ports. Figure

3.11 shows the unit and the computer control.

Figure 3.10: (a) The probe station. With the help of objectives, we can make
contact to the pads of the photodetectors. (b) The sample on the probe station,
where two DC probes touch the pads, while the active are is illuminated with

the fiber.
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(b)
Figure 3.11: HP4142B and the computer control.

3.2.3 Quantum Efficiency Measurements
The responsivity characterization can be made with two measurement setups.
First setup consists of a wide spectrum light source and a monochromator for

wavelength selection. The light is chopped and coupled to a multimode fiber.
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Using the probe station and the fiber probe, the active area of the detector is
illuminated. The detectors are biased with a DC power supply, and the
photocurrent is measured with a lock-in amplifier. The data is collected using a
computer equipped with a GPIB control. This setup has a wide spectrum range,
starting from UV to mid mid-IR wavelengths. The schematic diagram and the

pictures of this are shown in Figure 3.12.

Optical Powermeter
(Newport 1830-C Optical Power
Meter )

Monochromator
(CVI 1/4m Digikrém)

Probe Station

Power Supply

Chopper (HP E3631A Power
Supply)

(NewFocus 3501
Optical Chopper)

L GPIB Controller |

Lock-in Amplifier
(SRS830 Lock-In Amplifier)

© (d)
Figure 3.12: Quantum efficiency measurement setup with the monochromator.
The second setup consists of a tunable laser as the light source. It
covers the spectrum from 1500 to 1620 nm. The maximum optical power
output is a function of wavelength. The output wavelength and power is
controlled with a computer and the laser is coupled to a single mode fiber. The

light is delivered to the active area of detectors as described before. The
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detectors are biased with DC power, supply and the photocurrent is measured
directly with multimeter. The data is then collected by a computer. The
schematic diagram and the picture of the setup are shown in Figure 3.13.

Optical powermeter
(Newport 1830-C)

3dB coupler
Tunable Laser

(Photonetics OSICS-ECL)

Probe Station

DC power supply Multimeter
(HP E3631A) (HP 34401A)
(a) (b)

Figure 3.13: Quantum efficiency measurement setup with the tunable laser.

3.2.4 High Speed Measurements

High speed measurements are done with a laser that can generate optical pulses
with femtosecond widths. The pulses are generated using erbium doped fiber
laser, and coupled to single mode fiber. The detectors are biased with DC
power supply using bias-tee, and the temporal response of the detectors is
measured with a 50 GHz sampling scope. Although the scope is 50 GHz, the
bias-tee can operate up to 40 GHz, and this setup is limited with this frequency.
The response of the detector is stored as a function of bias voltage and the light
intensity. The schematics of the setup are shown in Figure 3.12 along with its
pictures.
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Optical Spectrum
Analyzer

3dB coupler

(HP 86140A)

Amplifier

Femtosecond
Pulsed Laser

] (Calmar Erbium

(Calmar EDFA-02) Doped

Fiber Laser)

fiber

Probe Station

Bias Tee

DC power supply
(HP E3631A)

Sampling Scope

(HP 54750A Digital Scope)

Figure 3.14: High Speed measurement setup.
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Chapter 4
InGaAs p-i-n Photodetector

This chapter presents our effort to fabricate high speed and high efficiency
RCE photodetector operating around 1550 nm wavelength. Photodetectors
based on InP lattice matched materials are most commonly used in the optical
fiber communication systems, eye-safe rangefinders, free space communication
systems, and laser pulse shaping. These applications require fast photodetectors
that can operate in tens of gigahertz range. Mixed materials lattice matched to
InP makes possible to make heterojunctions where this is impossible for
Silicon and Germanium. These materials are formed by mixing Group-III and
Group-V elements to form ternary and quaternary compounds. Figure 4.1
shows the lattice parameters and energy gap values of common III-V
compound semiconductors.

The photodetector performance is measured by the bandwidth-
efficiency product (BWE) and is limited for conventional vertically illuminated
photodetectors (VPDs) due to the bandwidth-efficiency trade-off [10]. This
tradeoff is due to the fact that the quantum efficiency and bandwidth of a
conventional VPD have inverse dependencies on the photoabsorption layer

thickness.

47
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Figure 4.1: Lattice parameter vs. energy gap of III-V compounds used with
InP and GaAs based devices (after reference [61]).

One detection scheme to overcome this limitation is edge-coupled
photodiodes. This scheme has been used to achieve very high speed metal-
semiconductor-metal (MSM) [38] or p-i-n waveguide photodiodes with
bandwidths above 500 GHz [39], distributed MSM photodetectors with 78
GHz bandwidth [40], avalanche photodiodes with 120 GHz gain-bandwidth
product [41], traveling-wave photodetectors with high output current [42] or
115 GHz bandwidth [43], and 110 GHz 50%-efficiency mushroom-mesa
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waveguide photodetectors [44]. The disadvantages of edge-illuminated
detectors are complex fabrication and integration along with difficult light
coupling.

The ease of fabrication, integration, and optical coupling makes the
resonant cavity enhanced (RCE) PDs attractive for high-performance
photodetection [10, 45-27, 20]. The incident photons, which are at the
resonance wavelength of the detector cavity, are recycled, so that the quantum
efficiency (QE) is enhanced at this wavelength. Therefore, by using RCE-PD
with a thin active layer, high efficiency values can be achieved without
lowering the detector bandwidth [48, 49]. Using the RCE structure, InGaAs
based MSM PDs with 77% QE and 10 GHz bandwidth at 1.3 pm wavelength
[50], Schotttky PDs with 55% QE and 22.5 GHz bandwidth [51], p-i-n [52],
and avalanche PDs with ~70% QE and 24 GHz at unity gain [54] have been
reported by other researchers. A comparison of this work and the other

research results are given in Table 4.1.

4.1 Design

Ing 53Gag47As was chosen to be the active layer of the detector. This ternary
compound is lattice matched to InP, and it can be easily grown by molecular
beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD)
techniques. Ing s3Gag47As is direct band-gap material with the band-gap energy
of 0.75 eV, which corresponds to 1650 nm cut-off wavelength. InP based
photodetectors are superior to Ge photodetectors as, Ing 53Gag 47As is capable of
detecting optical signals transmitted at non-dispersion wavelength (1300 nm)

and minimum-loss wavelength (1550 nm) of the silica based fibers used in the
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modern communication systems. Ings3Gag 47As based detector structures have a

few disadvantages when compared to GaAs based structures:

1.

Ing 53Gag47As has an absorption coefficient 64% lower than GaAs as
shown on Table 4.2 [62]. Also the drift velocities of electron and holes
are around 80% lower than the carriers in GaAs as shown on Figure 4.2.
When both of these properties are combined, the bandwidth efficiency
product of Ing 53Gag47As based photodetectors is 50% lower than GaAs

based detectors.

Table 4.2: Optical properties of various III-V semiconductor compounds.

Energy Cut-off Refractive Absorption
band-gap wavelength Index Coefficient
E, (eV) Ag (Nm)

n (A=1550nm) o (A=1550nm)

(cm™)
InP 1.35 920 3.167 0
Ing soAlp 43As 1.45 855 3.200 0
Ing 53Gag.47As 0.75 1650 3.589 0.81x10*
In0,53Alo.13Gaov34AS 091 1360 3.428 0
In0.66Gao,34ASO,73P0,27 0.86 1440 3.425 <40
n (A=820nm) o (A=820nm)
(em™)
GaAs 1.42 870 3.670 1.27x10"
AlAs 2.18 570 2.990 0
Alo.zoGao_goAS 1.61 770 3.460 0
2. Band discontinuities are the results of heterojunctions. Although this is

a desired property for lasers, modulators, and quantum well devices
where the charges are confined inside the structure, we try to avoid this
in the high speed photodetectors. These discontinuities result in charge

trapping, and degrade the performance in terms of speed and
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responsivity. The semiconductors used in the Ings3Gags7As based
photodetectors have larger energy band discontinuities compared to
GaAs based ones. Graded regions are usually formed to get a smoother

variation. Table 4.3 lists properties of a few junctions commonly used

in the InP and GaAs based photodetectors.

Table 4.3: Band discontinuities of some heterostructure systems.

Energy Conduction Valance
band-gap band band
difference  discontinuity discontinuity

AE, (eV) AE, (eV) AE, (eV)

InP/ In0.53Ga0.47As 0.60 0.25 0.35

In0.52A10.4gAS / In0_53G30.47AS 0.71 0.52 0.19

In0,52A10,48As / InP 0.11 0.35 -0.24
108
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Figure 4.2: Charge drift velocity as a function of electric filed strength for
various semiconductors (after reference [61]).
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Alloy

Matching Condition y

Al Ga;P,Sbi.y
Aleal_xAsySbl_y
AlGayInj.yAs
AlXInl_xPyAs l-y
Alxlnl _XPySb 1-y
AlXInl_XAsySbl_y
AIPXASySb 1-x-y
GayIni<PyAs;y
GayIn;«P,Sbyy
Ga,In;<As,Sbiy
GaPXAsySb 1-x-y

(0.227+0.040x)/(0.645+0.040X)
(0.227+0.040X)/(0.443+0.033x)
(0.189-0.398x)/0.405

(0.189-0.398x)/(0.189+0.020x)
(0.610-0.343x)/(0.610+0.075X)
(0.610-0.343X)/(0.421+0.055X)
(0.267-0.685x)/0.058

(0.189-0.405X)/(0.189+0.013X)
(0.610-0.383x)/(0.610+0.035X)
(0.610-0.383X)/(0.421+0.022x)
(0.227-0.645x)/0.443

53

(a)
Alloy Energy gap (eV)

Ternaries
AlIn;As Ey(T') = 0.37+1.91x+0.74%*

Ey(X) = 1.82+0.4x
GaxInjxAs Eo(T') = 0.324+0.7x+0.4x°
GaAs;Sby Ey(I') = 1.43-1.9x+1.2x%
InAs, P, Ey(I) = 0.356+0.675x+0.32x°
Quaternaries

GaxIniAs,Pry  Ey(T') = 1.35+0.668x-1.068y+0.758x*+0.078y*-
0.069xy-0.322x%y+0.03xy?
Ey(I) = 1.35-0.775y+0.149y

(x=0.47y : lattice matched to InP)

AL GaynixyAs  Ey(T) = 0.36+2.093x+0.629y+0.577x°+0.436y*+
1.013xy-2.0xy(1-x-y)
Eo(I') = 0.764+0.4952+0.2032%(0.98x+y=0.47,
Xx=0.48z : lattice matched to InP)

(b)

Figure 4.3: (a) Lattice match conditions of quaternary compounds to InP (after
reference [68]). (b) Energy gap of I1I-V compounds (after reference [69]).

3. Another big issue is the growth of highly reflective DBR for the RCE

photodetectors operating in the infrared region. The semiconductor
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compounds lattice matched to InP have lower index contrast compared
to materials lattice matched to GaAs. AlAs / Alp20GaggoAs pair is a
perfect candidate for DBR centered around 800 nm. The index contrast
of An = 0.47 makes high reflective mirrors with fewer pairs of
semiconductor layers. Unfortunately the index contrast available with
the InP matched systems is substantially smaller than between GaAs
and AlAs. The maximum available contrast An = 0.40 is between InP
and Ing53Gag47As, and this DBR is not suitable for operation at 1550
nm due to absorption in the Ings3Gaps7As layer. Thus some other
ternary or quaternary compounds with cut-off wavelength smaller than
1550 nm are used in high quality DBRs. These compounds are obtained
with adding Al or P to Ings3Gag47As. Figure 4.3(a) gives a summary of
quaternary compounds lattice matched to InP. The low index materials
are AlAsgs6Sboa4, InP, or IngsyAlgagAs with refractive indexes 3.07,
3.17, and 3.20 respectively. While the high index materials can be
AlGaAsSb, AlGalnAs, or InGaAsP with the cut-off wavelength around
1450 nm where the refractive indexes of these materials hover around
3.45 [63-66]. The available index contrast An is around 0.25, which is
half of the index contrast available in GaAs based materials. Due to this
lower contrast, the number of DBR pairs is around 36 to achieve

reflectivity higher than 99% [67].

The design started with the bottom DBR. Although higher index contrast can
be achieved with antimony (Sb) containing compounds, they are not easy to
grow. Other common alternatives are InAlAs/InAlGaAs and InP/InGaAsP
systems, which are commonly grown with MBE or MOCVD reactors. We
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decided on the Al based DBR due to an MBE system available during the
design.

Ing s53Al0.13Gag34As was chosen as the high reflective index material,
and it corresponds to x = 0.27 for the definition given by ref [70]. The optical
properties of this semiconductor compound can be obtained by the equation
Eq.(4.1):

BA?
A -C?
where A=9.255, B=1.599, and C=928.3nm. The refractive index of this

n(A)’ = A+ (4.1)

compound is 3.428 at 1550 nm while IngsyAlp4sAs has refractive index of

3.200 as shown on Figure 4.4. The index contrast is 0.23 for this DBR pair.
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Figure 4.4: Refractive index of (IngsxAlp4gAs)y(Ings3Gag47As)1-y as a
function of wavelength for different values of  (after reference [70]).

The energy bandgap of Ings3Alg13GagssAs was calculated according to the
formula given in Figure 4.3 (b). It was found that the energy bandgap was
0.912 eV, which corresponds to the cutoff wavelength of 1360 nm that is well
below 1550 nm. The TMM simulations show that the bottom DBR should have
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a maximum reflectivity of nearly 90% at 1548 nm. Calculated spectral

reflectivity of the DBR is shown in Figure 4.5.
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Figure 4.5: Spectral reflectivity of the bottom DBR calculated using TMM.

On top of the bottom DBR, the cavity started with a spacer
Ing spAlp4gAs layer with the thickness chosen to fix the resonance around 1550
nm. This layer was also used as the insulating layer that the interconnect metals
are deposited. On top of this layer, a silicon doped Ing s2Alp43As layer was used
to make the n+ ohmic contacts. Before the active lightly n type doped
Ing 53Gag47As layer a thin Ings;Alg4sAs layer and a digital grading was used.
The digital grading was formed by varying the thickness of Ings,Alg4sAs and
Ing 53Gag47As layers, which effectively changes the energy bandgap of the
layers seen by the charges. On top of the active layer a similar grading was
placed for the holes. P+ ohmic contact layer was also transparent Ing s;Alg4sAs

layer doped with beryllium. The thickness of this layer was chosen to be thick
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enough to tune one resonance of the cavity by post-process etching. A thin
highly doped Ings3Gag47As layer was used at the top of the structure, which
makes a lower resistive p-type ohmic contact possible. This layer also prevents
the oxidation of the wafer before the fabrication. The total thickness of the
photodetector exceeds 7.1 micron. The thickness and the doping information of
the layers are given in Table 4.4. A similar structure without the bottom DBR
was also designed to see the effect of the RCE effect directly by comparing the

quantum efficiency measurements.

Table 4.4: Epitaxial structure of the InGaAs based pin detector wafer.

Material Thickness Doping Dopant Concant.
(nm) Type (cm™)
Ing 53Gag.47As 30 pt Be 1x10"
Digital Grading 30 p+t Be 1x10"
III().52A1().48AS 210 pt+ Be 1x 1019
In0,52A10.4gAS 50 n- Si 1x 1016
Digital Grading 30 n- Si 1x10'°
Ing 53Gag 47As 300 n- Si 1x10'°
Digital Grading 30 n- Si 1x10'
In0,52A10.4gAS 60 n- Si 1x 1016
Ino,52A10.4gAS 300 n+ Si 3x 1018
Ing 50Alg 4sAs 240 S.I. none none
Ing 5pAlg 43As 121 S.I. none none
25 pairs { Ing s53Alp 13Gag34AS 112 S.L none none

600 pm thick Semi-Insulating InP Substrate

The TMM based calculations showed that the quantum efficiency of the
photodetector was 74% while the reflectivity and transmittivity of the
photodetector were 7% and 14% respectively. Some of the power was also lost
in the bottom DBR. As a result of the low reflectivity of the bottom DBR, we

saw that the enhancement of quantum efficiency with the deposition of the top
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DBR would be small. This is mainly due to more power loss from the bottom
of the detector. According to these results, we decided not to deposit silicon
nitride - silicon dioxide top mirror layer, instead use the reflectivity of the top
semiconductor layer. The calculations used during the design of the detector
are shown on appendix.

We also made calculations to predict the frequency response of the
photodetector. The high speed measurements were usually done under 7 to 9
volts of reverse bias. For our structure, this corresponded to electric field
strength of 20x10° V/em. The drift velocities of the charged carriers were
around 8x10° cm/s and 5x10° cm/s for electrons and holes respectively.
Corresponding transit times were 7.6 ps and 4.9 ps. For a 14x14 pm’ area
photodetector, the calculated 3-dB bandwidth was 45 GHz for 50 Q load
resistance [71]. As the sum of load and serial resistance increased, the 3-dB
bandwidth of the photodetector decreased. A sample calculation of the
frequency response of these photodetectors is given on appendix.

With the above electrical and optical properties, the calculated
bandwidth efficiency product was 33 GHz. The enhancement was more than 3
times compared to a similar single-pass structure. The calculations show that

the quantum efficiency of the single pass structure was 22% at 1550 nm.

4.2 Fabrication

The structure was grown by MBE method by Quantum Epitaxial Designs, Inc.
in USA. Initial visual inspection showed that the wafer of the resonant
structure was not as shinny as the single-pass structure wafer. This was most

probably due to the growth of the quaternary compound used in the DBR. Our
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measurements of the completed detectors fabricated from both wafers showed
no difference in terms of electrical characteristics.

Before the fabrication, we measured the spectral reflectivity of the
wafer which gives useful information about the thicknesses of the DBR and
cavity layers. Our reflectivity measurement and TMM calculations showed that
the bottom DBR had grown %3 to %#4 thicker than our design. This shifted the
center wavelength of the DBR to around 1600 nm. The measurement and
calculation results for a region on the wafer where the shift was %4 are shown
on Figure 4.6. The lower and upper edge of highly reflective spectrum was

1550 nm and 1690 nm.
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Figure 4.6: The measurement (solid line) and calculation (dotted line) results
for a region on the wafer where the shift was %4.

The fabrication was made with two different masks. The first mask had

5 lithography steps having larger area photodiodes. These photodiodes were
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used during quantum efficiency measurements, as it was easier to couple all the
light from cleaved single mode (~9 um core diameter) and multi mode (~85
pm core diameter) fibers to the active area of the photodetectors. The area of
the photodetectors was ranging from 30 um to 200 um in diameter. The second
mask had 7 lithography steps having smaller area photodiodes. These
photodiodes were used during high speed measurements, not to limit the
responses of the photodetectors with the capacitance of the detector. Although
we used cleaved fiber during the high speed measurements, lensed fiber can be
used to couple the entire laser power into the photodetector. The area of the
photodetectors was ranging from 5x5 pm® to 20x20 pum? as well as a few
150x150 um?. These photodetectors also had airbridge for lower parasitic
capacitance and integrated biasing capacitors for providing constant bias

during the excitation of the detector with high powered pulses.

4.2.1 Large Area Photodetector Fabrication
1. n+ Ohmic Contact Formation: After the normal photolithography, the
layers were etched down to the middle of the n+ doped InAlAs layer.
Wet (chemical) etch was used during this step. A phosphoric acid based
solution was used for etching both InGaAs and InAlAs layers. The
composition was chosen as H3;PO4:H,0,:H,O (1:3:40) which had the
etch rate of 4.5 nm/sec for both of the materials. Increasing the ratio of
H,0; to H3POy, the etch rate of Al containing layers increased which
caused high under etch. A list of available etchants used with the InP
base materials are given in Table 4.5. After the wet etch, germanium,
gold, and nickel were evaporated onto the sample. The layers and the

thicknesses were Ge/Au/Ge/Au + Ni/Au (10.8/10.2/6.3/23.6 + 10/200
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nm). Then the sample was soaked into the acetone. The photoresist
dissolves in the acetone and the metal on top of it was lifted-off. After
the cleaning, the sample was treated at 400 °C for 60 sec. Figure 4.7

shows the n+ ohmic contacts before and after the thermal process.

Table 4.5: Etch rates of some common etchants. The rates are indicated as
nm/sec. Stop means no etch.

Etchant InGaAs InAlAs InP InGaAsP
H3PO4 : H,O; : H,0 (1:3:40) 4.5 5.0 stop stop
Citric acid : HO, (1:2) 2.1 stop stop
H,SO4 : H,O; : H,0 (1:8:80) 8.3 stop
H,SO4 : H,O; : H,O (1:1:10) stop 1.7
HCI : H,O (3:1) stop 10.8 etches
HCI : H,O (2:1) stop 133
HCI : H,O (1:1) stop 11.6
HCIl : H3POq4 (1:1) stop 41.7
HCI : H;POy4 (1:3) stop 12.5
': - b '::
H & [ty
t" .
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(a) (b)

Figure 4.7: The n+ ohmic contacts before (a) and after (b) the RTA.

2. p+ Ohmic Contact Formation: After the cleaning, the photoresist was
exposed by using normal photolithography. Then Ti/Au (15/200 nm)
metals were evaporated onto the sample. The metals were lifted of

using the same method used in the previous step. After cleaning the
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sample, it was thermally processed at 450 °C for 30 sec. We could not
increase the RTP temperature, because the quality of the n+ ohmic

contacts started to degrade. Figure 4.8 shows the p+ metal contacts

before deposition of the metal and after the thermal process.

@) )
Figure 4.8: The p+ ohmic contacts before the metal deposition (a) and after the
RTA.

(a) (b)
Figure 4.9: (a) The color change on the surface is due to the variation of the
etch depth (b) the mesa contour can be seen as a thin black line below the p
contact.

3. Mesa Isolation: With a normal lithography, the active area and the
ohmic contacts were covered with photoresist. Then the layers were

etched down to the undoped InAlAs layer for RCE wafer and down to
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InP substrate for the single-pass wafer. The etch was done in several
steps and the etch depth was monitored with DEKTAK surface
profilometer. The sidewalls of the mesa had an inclination, which was
good for further metallization.

4. Surface Passivation: After the cleaning, the surface was covered with
SizNy layer. This layer was deposited at 250 °C with the PECVD
technique. Normal lithography was used to define the area to be etched
away. Dilute hydrofluoric acid solution was used to etch the dielectric
layer. The sidewalls and the active area of the photodetector was kept
covered, while the area that the interconnect metal will be deposited

was cleaned. Figure 4.10 shows the photograph of the devices before

and after the HF etches.

(b)
Figure 4.10: (a) The surface was covered with silicon nitride, and the
photograph shows the surface after photolithography, (b) the surface of the
sample after the HF etch and the cleaning. Some area on top of the contacts was
open, and the sidewalls were covered.

5. Interconnect Metallization: Image-reversal photolithography was
used to define the metallization area. Then 0.7 ~ 0.8 um thick Ti/Au

metals were evaporated onto the sample. The sample was soaked into
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acetone, and the metals were lifted off from the unwanted area. The
Interconnect metals formed two connections to the ohmic contacts for
DC measurements. Also the ground-signal-ground type of the coplanar
waveguide was used during the high speed measurements. The metals

were on the highly resistive layers, and went over the insulating layer

deposited on the sidewalls of the mesa.

Figure 4.11: (a, b) The photoresist before the metallization, (c, d) interconnect
metals after the cleaning.

After the interconnect metallization, the photodetectors were ready for the

measurements. Figure 4.12 shows SEM picture of these photodetectors.
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Figure 4.12: SEM images of large area photodetectors.

4.2.2 Small Area Photodetector Fabrication

The first three fabrication steps were same as the above fabrication. The rest of
the fabrication is as follows:

4. Interconnect Metalization: The photolithography and the metal
deposition were similar to the interconnect metallization used for large
area photodetector fabrication. Except the metals were deposited only
onto the highly resistive layer without connections to the ohmic
contacts.

5. Surface Passivation and Dielectric Deposition: After the cleaning,
the surface was covered with SizN4 layer. This layer was deposited at
250 °C with the PECVD technique. Normal lithography was used to

define the area to be etched away. Dilute hydrofluoric acid solution was
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used to etch the dielectric layer. The sidewalls and the active area of the
photodetector were kept covered. To make an electrical connection in
the final step, the top of the ohmic contacts and the nearest connection
point of the interconnect metals were cleaned from the dielectric. Also
the dielectric coating was etched from the area of the interconnect metal
where the high speed and DC probes are touched. This dielectric layer
was used for both passivation of the detector surface and formation of
the bias capacitors between the n+ ohmic contact of the photodetector
and the ground of the coplanar waveguide.

6. Post layer formation: After the sample cleaning, the surface was
covered with photoresist and normal lithography was used for
patterning. Then the sample was baked in the oven at 140 °C for 30
minutes to harden the photoresist. Then the photoresist was thinned
with RIE using oxygen gas.

7. Airbridge Formation: Without cleaning, a new layer of photoresist
was deposited on the sample. Using the image-reversal
photolithography, the connections were patterned on the sample. Then
0.7 ~ 0.8 um thick Ti/Au metals were evaporated onto the sample. The
sample was soaked into acetone, and the metals were lifted off from the
unwanted area. With this metallization, the connections between the
ohmic contacts and the interconnect metals were formed, and also the
top plate of the biasing capacitor deposited. The schematics of this

fabrication step are shown in Figure 4.13.
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Figure 4.13: Cross-section of the sample (a) after airbridge metallization, and
(b) after the liftoff of the metal.

After the airbridge metallization, the photodetectors were ready for the
measurements. Figure 4.14 shows SEM picture of the airbridge connections,
while Figure 4.15 has the 3D illustration of the photodetector, and the
connections made during the current-voltage and responsivity measurements.

Figure 4.16 has detailed pictures of small area photodetector.
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Figure 4.14: SEM picture of airbridges.
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Figure 4.15: 3D illustration of a fabricated photodetector.

4.3 Measurements

Properties of the photodetectors were measured at room (300 K) temperature.
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Figure 4.16: Pictures of small area photodetectors obtained with optical
microscope and SEM.
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4.3.1 Current-Voltage Characteristics

The current-voltage (I-V) measurements were done for different area
photodetectors between the reverse breakdown voltages to a few volts of
forward bias. The current limited not to damage the photodetectors. High
forward current caused damage by heating the contact between the interconnect
metal and the p+ ohmic metal. The reverse breakdown occurred around 14
volts of bias as shown on Figure 4.17 (a). This breakdown was mainly due to
the band-to-band tunneling. Figure 4.17 (b) shows the [-V measurement results
for different area photodetectors. The increase of the dark current with the area
can be clearly seen.

The analysis of dark current versus area showed that the dark current
density decreased linearly with the area for the detectors having diameter
greater than and equal to 60 um. The dark current density of 30 um diameter
photodetectors was 8x10~ A/cm® while 60 pm diameter photodetectors was
5x10~ A/em®. The dark current for smaller area detectors was similar to the 30
pm diameter photodetector. This showed us that the dark current was governed
by generation-recombination current in the surface depletion region. This
current can be decreased by using a better passivation layer, or can be
completely eliminated by using planar type photodetectors.

We also calculated the differential resistance (Rq) of the photodetectors
by simply differentiating the current-voltage data. The maximum value of Ry
was at 0.25 V reverse bias for all the photodetectors. The maximum value of Ry
had an exponential decay with the area, and the limit value for very large area
detectors was 188 MQ. The differential resistance at zero bias (Ry) had similar
behavior. The Ry*A product was 310 Q-cm? for 200 pum diameter

photodetectors.
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Figure 4.17: (a) Current voltage characteristics of a 30 um diameter
photodetector, where the breakdown can be seen around -14 V bias. (b) The
logarithmic plot of [-V characteristics of 30, 60, 100, 150, and 200 um
diameter photodetector (from bottom to top respectively)
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Figure 4.18: (a) Dark current of photodetectors at 1 V reverse bias as a function
of detector area. (b) Dark current density of photodetectors at 1 V reverse bias
as a function of detector area. The linear decrease can be seen for detectors
having 60 um diameter.
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Figure 4.19: (a) Calculated differential resistance of the photodetectors with 30,
60, 100, 150, and 200 um diameter (from top to bottom respectively). (b) The
maximum differential resistance of photodetectors as a function of detector
area.
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Figure 4.20: (a) Calculated differential resistance of the photodetectors at zero
bias. (b) RoA product as a function of detector area.
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4.3.2 Responsivity Characteristics

Photoresponse measurements were carried out in the 1530-1630 nm range
using a tunable laser source. The output of the laser was coupled to a single
mode fiber. The light was delivered to the devices by a lightwave fiber probe,
and the electrical characterization was carried out on a microwave probe
station. The top p+ layers were recess etched in small steps, and the tuning of
the resonance wavelength within the high reflectivity spectral region of the
DBR was observed.

Figure 4.21 (a) shows the spectral quantum efficiency measurements of
a device under 5 V reverse bias obtained by consecutive recess etches. Plot 1 is
the quantum efficiency after the top InGaAs layer etch, while plots 2, 3, 4, 5, 6,
and 7 correspond to cumulative recess etches of 80, 105, 150, 180, 210 and 240
nm, respectively. The peak experimental quantum efficiency 30% of the as-
grown sample at 1645 nm increases to 55% at 1614 nm after the first etch. The
peak quantum efficiency increased up to 66% with tuning until the resonance
wavelength reached 1572 nm. This increase was due to the increase of the
absorption coefficient of InGaAs at shorter wavelengths. As we continued the
recess etch, the peak quantum efficiency decreased due to the decrease of the
reflectivity of the Bragg mirror. The resonance wavelength was tuned for a
total of 47 nm (1538 — 1605 nm) while keeping the peak efficiencies above
60%. The peak efficiency was above 50% for the resonant wavelengths
between 1550 and 1620 nm, corresponding to a tuning range of 70 nm.

Figure 4.21 (b) shows the quantum efficiency measurement and
simulation results of the photodetector when the cavity resonance had been
tuned to 1572 nm. The difference between the simulation and the measurement
can be explained with the +3% measurement error of the commercial

photodiode that was used for calibration purposes, and the uncertainty of the
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layer thickness used during the simulation [72]. The full width at half
maximum (FWHM) of the devices was around 35 nm. The quantum efficiency
measurements were done at 5 V reverse bias under 0.5 mW optical input power.
When we increased the reverse bias beyond 3 V the active layer was fully
depleted, and the quantum efficiency increased 6% with respect to zero bias.
The responsivity of the PDs were also measured under various reverse
biases up to 7.4 mW optical power, which was the maximum power that could
be obtained from the laser. Figure 4.22 (a) shows the photocurrent versus input
optical power at the resonance wavelength of 1572 nm. Under 4 V and higher
reverse biases, the PDs had a linear photoresponse up to 7.4 mW optical power.
At 7.4 mW optical power, the device exhibited a 6.18 mA photocurrent. The
corresponding responsivity of the photodetectors was 0.835 A/W. The detector
responded linearly to the optical power in four orders of magnitude range under
4 V bias. Figure 4.22 (b) shows the photocurrent versus optical power for 0 and
4 V reverse bias values. The saturation was mainly due to the electric field

screening caused by photo-generated carriers inside the active layer [73].

4.3.3 High-Speed Characteristics

High-speed measurements were made with a picosecond fiber laser operating
at 1550 nm. The 1 ps FWHM optical pulses from the laser were coupled to the
active area of the p-i-n photodiodes by means of a fiber probe. At zero bias, the
response of the photodetectors had a long tail due to the diffusion of the
carriers in the active layers. Measurements were done under bias to deplete the
active layer completely and to get rid of the diffusion tail. Above 5 V reverse
bias, we got a Gaussian response with a short tail. Figure 4.23 (a) shows the
temporal response of a small area (5x5 umz) photodetector measured at 7 V

bias by a 50 GHz sampling scope.
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Figure 4.22: (a) The photocurrent vs optical power measurement of the
photodetectors under various bias voltages. (b) Log-Log plot of the previous
data for 0 and 4 V bias voltages.
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The photodiode output had 16 ps FWHM. The measured data was corrected by
deconvolving the effect of the 40 GHz bias-tee. After the deconvolution, the
device had a 3-dB bandwidth of 31 GHz. Larger area devices (80 pm?) also
showed similar responses, which showed that the temporal response was
limited by the transport of the photogenerated carriers. The 120 pum® area
photodetectors had 28 GHz bandwidth. The measured bandwidth is lower than
the theoretically predicted 3-dB bandwidth of 45 GHz. Although grading layers
have been implemented to avoid carrier trapping, our measurement data shows
that the device performance is still limited by the carrier trapping. In our
devices, we used a digital grading that consisted of InP lattice matched
InGaAs/InAlAs layers. A linear grading may further improve the device

performance [74].

4.4 Conclusion

We have demonstrated high-speed, and high-efficiency resonant cavity
enhanced (RCE) InGaAs based p-i-n photodetectors. A peak quantum
efficiency of 66% was measured along with 28 GHz bandwidth, which
corresponds to 18.5 GHz bandwidth-efficiency product. The photoresponse
was linear up to 7.4 mW optical power, where the devices exhibited 6.18mA

photocurrent.
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Figure 4.23: (a) The temporal response of 5x5 um? area photodetector under 7
V reverse bias. (b) The calculated frequency response of the photodetector.



Chapter 5
InSb p-iI-n Photodetector

The spectral region above the visible range is called as the infrared spectrum.

The electromagnetic spectrum with the wavelength 1 um and 14 um is divided

into three regions that are separated by strong atmospheric absorption. These

absorptions are mainly due to carbon dioxide (CO;), carbon monoxide (CO),

and water (H,O) vapor present at the atmosphere. Near-infrared radiation

(near-IR) lies in the most energetic window, stretching from the upper edge of

the visible spectrum around 850 nm to a region of strong attenuation near 3 pm.

The mid-wavelength infrared (mid-IR) region lies between 3 and 5 pm, with

the long-wavelength infrared (long-IR) window stretching from the upper edge

of the broad absorption to an upper limit of 14 um. Figure 5.1 shows the

spectral transmission of the atmosphere at the sea level.
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Figure 5.1: Spectral transmission of the atmosphere at the sea level.
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Infrared detectors can be used in thermal imaging systems, free space
communication, and chemical agent monitoring. The peak black body emission
from hot surfaces has the in the mid-IR spectrum. Hence military applications
include early warning systems, and night vision. Most of the carbon hydrates
(HC) such as methane, propane, and natural gases used for the heating, carbon
dioxide (CO,), carbon monoxide (CO), nitrous oxide (NOy) has absorption
band in the mid-IR region. Table 5.1 lists a few of these gases that have

absorption in the mid-IR region.

Table 5.1: Gases and their absorption properties.

Gas Absorption
Wavelength (um)

Methane (CH,) 3.20 ~ 3.45 Flammable
Acetylene (C;Hy) 2.99 ~ 3.04 Fire
Ethylene (C,H,) 3.10 ~ 3.40 Fire
Ethane (C,Hs) 3.30 Fire
Methyl Chloride (CH3Cl) 3.22 ~3.38 Fire
Hydrogen Chloride (HCI) 3.33~3.70 Inhale Hazard
Hydrogen Bromide (HBr) 3.82
Carbon Dioxide (COy) 4.23
Carbon Monoxide (CO) 4.60
Nitric Oxide (NO) 5.25
Nitrous Oxide (N,O) 4.47
Nitrogen Dioxide (NO,) 6.14

The detection of these gases in the atmosphere has many industrial and
indoor applications, such as indoor air quality measurement, automotive and
flue gas emissions, hazardous are warning signals, gas leak detection, patient
monitoring, and alcohol breath analyzers. In all these applications, it is possible

to use non-dispersive infrared (NDIR) sensors. These sensors contain a light
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source emitting light only in a specified spectrum, and an infrared detector to
measure the absorbance of the atmosphere. Another application is the free
space communication, which is becoming popular for short distance high speed
communication. These systems do not require cables or fibers, instead send the
optical signals directly in the atmosphere between two endpoints.

Although variable-bandgap HgCdTe has been used for many years in
military and commercial applications, it is being replaced by quantum well or
InSb photodetectors due to the technological difficulties [75]. Other possible
option is the quantum-well infrared photodetectors. But the normal incidence
operation is not possible for these detectors, unless special gratings are
integrated on the surface.

InSb is the common material for the mid-infrared (mid-IR) range
photodetectors with the cut-off wavelength of 5.4 um at 77 K as shown in
Table 5.2. Ternary compounds of InSb has been used with the addition of As,
Bi, or Tl to extend the responsivity to the far infrared region [76,77]. Although
these detector structures can be fabricated on InSh, GaSb or InAs substrates,
this method is not preferred due to low resistance of the substrate and the
difficulty of thinning process for the back illuminated focal plane arrays [78-
80]. Instead Si and GaAs substrates are more attractive even there is a
significant lattice mismatch between the substrate and epitaxial layers [81-83].
Although optical and electrical properties have been studied over the years,
high-speed properties of InSb based photodetectors have not been reported
before in the scientific literature.

This chapter presents our effort to fabricate high speed and high
efficiency photodetector operating in the mid-infrared (MIR) wavelength range.
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Table 5.2: Properties of some low energy gap semiconductors.

InSb InAs GaSh AlSb

0.235(0K) 0418 0811  1.686

Energy band-gap Eq (€V) 0.170 (300K) ~ 0.354 0720  1.615

Cuattvavterah ) S0 210
Band Type D D D I
Crystal structure Z Z Z Z
Lattice parameter (A) 6.4794 6.0584 6.0959 6.1355
Density (g cm™) 5.775 5.667 5.614 4.26
Melting point (K) 800 1215 985 1338
Intrinsic carrier conc. (cm™) 2.0x10'° 1.3x10%

Electron mobility (cm?/ Vs) 80000 33000 5000 200
Hole mobility (cm?/ V/:s) 1250 460 850 420
Effective electron mass (mo) 0.0145 0.023 0.042 0.12
Effective hole mass (mg) 0.40 0.40 0.40 0.98

5.1 Design

We designed a p-i-n type InSb based photodetector structure to be grown on
semi-insulating GaAs wafer. The detector structure was grown by molecular
beam epitaxy method by SVT Associates in USA. A 0.1 um thick GaSb layer
was grown as a buffer between lattice mismatched GaAs and InSb layers. InSb
growth conditions and the thickness of the buffer layer were controlled using a
Reflection High Energy Electron Diffraction (RHEED). After the buffer layer a
1.5 um thick n+ InSb layer, 1.5 um thick n- InSb layer, and finally the 0.5 pm
thick p+ InSb layer were grown. The n- active layer was unintentionally doped
to 2x10" cm™. Tellurium and Beryllium were used as the n- and p- layer
dopants, respectively. The properties of these layers are also shown on Table
5.3. Doping level was 10* cm™ for both highly doped layers to decrease the
serial resistance. The thickness of the top p+ layer was kept lower than the n+

layer to increase the quantum efficiency.
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Table 5.3: Epitaxial layers of InSb p-i-n photodetector.

Material Thickness (nm) Type Doping Concentration (cm™)
InSh 500 p+ Be 1x10'®
InSh 1500  n- Te 2x10"
InSh 1500  n+ Te 1x10'®

GaSb Buffer Layer
Semi-Insulating GaAs Substrate

ZnSe «
254 AP cds ZnTe Jos
225+ GaP- AlAs
20+ tos _
= o7 §
® 1754 Cd3e ' 7
= " AlSh CdTe .
154 GaAs ’ © T8 £
Q -
s . [P 409 £
L]
5 1571 110 g
o Sie ©
=
S 10t 5
115
075+ Gash, o
L
0.5 £ GE. - 2-0
InAs - T30
0.25+ InSb
* 3100
—tt t t —t—+
0.54 056 058 0.60 062 0.64

Lattice period, a (hm)
Figure 5.2: Lattice constant and energy gap of semiconductors.

5.2 Fabrication

Before a complete fabrication, we tried to optimize etch of InSb. Due to thick
epitaxial layers, deep etches had to be performed. RIE etch was impossible
with the gases present in our system due to nonselective etch of InSb and

photoresist. A few wet etch recipes were used for the optimization process.
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HNO;3: HCI : H,0O (1:1:8) solution was use and no significant etch was
observed after 12 min etch.

HNO;: HF : H,O (1:1:6) solution was used. Reasonable etch rate was
observed at first, but this solution was not suitable for further etch due
to surface corrugation.

HsPO, : H20, : H,0 solution had etch rates between 3 nm/sec (1:1:8) to
5 nm/sec (1:1:4). But this solution either non-uniformly etched InSb
and GaSb layers or did not etch some regions. Fig 5.3(a) shows the etch
profile of ohmic transmission line rectangle. The InSb layer was etched
more at the edges. Fig 5.3(b) shows the photograph of the same pattern.
All the layers can be seen as the result of non-uniform etch. Fig 5.3(c)
shows the area that has not been etched.

Citric acid (CgHsO7): H,0O; (1:1) solution had the best result in terms of
uniformity. Citric acid was prepared mixing citric acid monohydrate
and water (100 g to 100 ml) at 80 °C. Then citric acid was cooled to
room temperature. During etch, the solution was kept at 30 °C, and
stirred for uniformity. The etch rate of the InSb was around 25 nm/min,
which is much lower than the above solutions. As the duration of etch
was high, the solution usually penetrates through the edge of the resist
and causes high under-etch. Thus the surface had to be protected by a
dielectric layer. A combination of SisN4 and photoresist was used as the
mask during wet etches. This etch is isotropic and the under-etch and

the SizsN4 mask can be seen on the figure 5.3(d).
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efch boundary

(©) (d)
Figure 5.3: Details from InSh wet etch.

Before the fabrication, the surface was covered with 100 nm thick SisN4 using
PECVD. This layer was kept until the end of the mesa etch step. The devices
were fabricated by a microwave-compatible process and completed in five
steps.

1) n+ ohmic contact formation: After the lithography, the SisN4 layer
was etched with RIE. Using citric acid solution, the sample was etched
down to the top of the n+ InSb layer with a total depth of 2.4 um. The
under-etch was around 2 um. This amount of under-etch was not
critical for the consecutive contact. Titanium (12 nm) and gold (240 nm)

were deposited and lifted-off.
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2) p+ ohmic contact formation: Following the lithography, SisN4; was
etched using dilute hydro fluoric acid. After etch, titanium (12 nm) and
gold (160 nm) were deposited and lifted-off.

Photoresist Photoresist
- | - |
p+InSb 0.5 um p+InSb 0.5 um
n- InSb 1.5 um n- InSb 1.5um

n+InSb 1.5 um n+InSb 1.5 um
GaSb buffer Iaier GaSb buffer Iaier

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

ﬁ
V4 Photoresist

AR -

/ p+InSb 0.5 ym p+InSb 0.5 um

n- InSb 1.5 um n- InSb 1.5um
SlO2 isolation layer SlO2 isolation layer

n+InSb 1.5 um n+InSh 1.5 um

GaSb buffer Iaier GaSb buffer Iaier
_ ©) - @
Figure 5.4: Modified mesa isolation step used during the fabrication of InSb
photodetectors.

3) Mesa isolation etch: Active area and the n+ ohmic contacts were
protected with dielectric and photoresist. We used two different
methods for the mesa isolation. The first was similar to the fabrication
of the previous GaAs and InGaAs based photodetectors. All the layers
were etched down to the semi-insulating GaAs substrate. The total
height of the mesa was around 4 um. The tall mesa was a major
problem for small area detectors, as it was impossible to make image-

reversal lithography, which was essential for thick interconnect
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4)

5)

metallization. Due to this problem the mesa etches were modified. The
second method had a thinner etch and an additional dielectric
deposition. The layers were etched down to 2.4 um. Without cleaning
the photoresist, 0.5 um thick SiO, layer was grown on the sample using
PECVD at 80 °C. This layer later acted as the insulating medium
between the highly conductive InSb layer and the interconnect metal.
Very thin dielectric layer was also deposited on top of the photoresist,
but the photoresist was lifted-off without problem. Finally the thin
SisN4 layer was removed with diluted HF solution. These steps are
shown on Figure 5.4.

Dielectric deposition: The whole sample was covered with SisN,4 layer
that acts as both passivation and antireflection coating. After the
lithography, some regions on top of the ohmic contacts were etched
with diluted HF solution.

Interconnect metallization: After the image reversal lithography,

titanium (12 nm) and gold (800 nm) were deposited and lifted-off.

The photodetectors were fabricated with different active areas changing from

30 to 150 pum in diameter. Figure 5.5(a) shows the cross-section of a fabricated

photodetector, while the photograph of 150 pum diameter photodetector is

shown on figure 5.5(b).
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Figure 5.5: (a) Cross-section of a fabricated photodetector (b) Photograph of

photodetector with 150 um diameter.
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5.3 Measurements

Properties of the photodetectors were measured both at room (300 K) and
liquid nitrogen (77 K) temperature.

5.3.1 Current-Voltage Characteristics

Current-voltage (I-V) characteristics of the photodetectors were measured
using a Modular DC Source/Monitor Unit. Photodetectors were biased between
—2.0 and +0.5 volts at 300K background. Active area of the photodetectors
ranged from 7.06x10° cm? (30 pm in diameter) to 2.25x10™* cm? (150x150
um?). Initially 1-V measurements were done at room temperature. Diode
characteristics were observed only at small area (30 and 60 um diameter)
photodetectors. This is due to the high carrier concentration at the lightly doped
layer. Room temperature carrier concentration of InSb is above 2.0x10% cm
for epitaxial layers grown on GaAs substrate due to lattice mismatch. This high
carrier concentration prevented us from observing a good p-n junction. Then
the temperature of the sample was decreased to 77 K.

Figure 5.6(a) shows the I-V characteristics of 30 um diameter
photodetector. At room temperature dark current was 6.4 YA at zero bias and
4 mA at 1V reverse bias. At 77 K, the dark current was 20 nA at zero bias and
41 pA at 1 V reverse bias. Figure 5.6 (b) shows the calculated differential
resistance of the photodetector. At room temperature differential resistance was
65 Q at zero bias, and the highest value was 650 Q at 440 mV reverse bias. The
peak position of the differential resistance shifted to higher bias voltages as the
temperature was lowered [84]. When the diode was cooled to 77 K, the
differential resistance at zero bias was 150 kQ and the highest value was 170

kQ at 40 mV forward bias.
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Figure 5.6: Current-voltage characteristics and differential resistance of 30 um
diameter photodetector at 300 K (dotted line) and 77 K (solid line).
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Figure 5.7: Measured current-voltage characteristics of 60, 100, and 150 um
diameter photodetectors at 77 K.

Figure 5.7 shows the I-V characteristics of cooled photodetectors with 60 um,
100 um, and 150 um diameter. Dark current of the photodetectors gradually

increased with the increasing active area. Dark current at zero bias were 48 nA,
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118 nA, and 239 nA for 60 um, 100 um, and 150 um diameter photodetectors

respectively.
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Figure 5.8: (a) Dark current at -0.5 V as a function of area, while (b) shows the
dark current density (Jo) as a function of area.

Figure 5.8(a) shows the dark current of the photodetectors at -0.5 V bias. A

linear increase can be seen for large area photodetectors. When the dark current

density was calculated at -0.5 V bias at 77 K, we saw that dark current density

was large for small area photodetectors. The calculated values can be seen on

Figure 5.8 (b). Dark current density (Jo) analysis as a function of area showed

that the surface diffusion and generation current was dominant for low reverse
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bias values [85]. The exponential fit to the Jo vs. area data showed that the

limit value for the large photodetectors was 0.34 A/cm?.
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Figure 5.9: Calculated differential resistance (Rgy) as a function of bias voltage.

Finally the differential resistance (R4) of the photodetectors was
calculated by differentiating the current-voltage data. Figure 5.9 shows the Ry
as a function of bias voltage. The peak value of Ry was at 0 V bias, and
gradually decreased as we increased the reverse bias voltage. Zero bias
differential resistance (Ro) showed an exponential decrease as a function of
area that is represented in Figure 5.10(a). According to this fit, Ry had almost
constant value of 20 kQ for large area detectors. Zero-bias differential
resistance area product (RoA) for 30 um diameter diodes was 1 Q-cm?. This
product increased to 4.5 Q- cm? for 150x150 um? area diodes. Our values were
comparable to the reported RoA values. The RoA for InSbh photodetectors
grown on Si were 1 Q-cm? (400x400 pm? area) and 2.6 Q-cm? (400x80 um?
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area) [84,85]. RoA was 0.5 Q -cm?for 50x200 pm? area InAsSb photodetector
grown on GaAs [82].
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Figure 5.10: (a) The zero bias differential resistance (Ro) as a function of
detector area. (b) Resistance-area product (RoA) as a function of detector area.

5.3.2 Responsivity Characteristics

Responsivity measurements were initially done at room temperature using a
tunable laser diode. The output of the laser was coupled to a single-mode fiber
and delivered to the active area of the photodetector using a fiber probe. The
photocurrent was recorded by digital ammeter while the detectors were biased
using a DC voltage source. First the responsivity of the photodetectors at 1550
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nm was measured as a function of bias voltage. The responsivity increased
with the increase of the reverse bias as shown in Figure 5.11. Under 0.2 V
reverse bias the responsivity was 0.58 A/W, which corresponds to 46 %
quantum efficiency (QE). Due to the internal gain, the QE exceeded unity with
the increase of the reverse bias above 0.6 V. Spectral responsivity
measurements were made in the 1500 — 1600 nm spectral range which were
also shown at the inset of Figure 5.11. The photoresponse was nearly constant
in the given range.
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Figure 5.11: Responsivity of the photodetectors at 1550 nm as a function of the
reverse bias. The inset shows the spectral responsivity measurement under
different reverse bias voltages ranging from 0.2 to 0.6 V.

These results were also in agreement with the spectral absorption
simulations based on the transfer matrix method. Figure 5.12 shows the
simulation results of reflection and absorption for the fabricated detector.

Below 1400 nm, most of the optical signal was absorbed in the upper p+ InSb



CHAPTER 5. INSB P-1-N PHOTODETECTOR 97

layer due to high absorption coefficient [86, 87]. Between 1400 and 2000 nm,
the absorption in the n- layer was nearly constant. Simulations show that a
further increase in the QE can be achieved by using a thinner p+ layer and by

tuning the anti-reflection coating to the desired wavelength.
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Figure 5.12: Spectral simulation results for optical reflection and absorption in
the p+ and n- InSb layers.

After obtaining these results at room temperature, the measurements
were repeated at 77 K. Samples were mounted on an alumina substrate with
thermally conductive epoxy. Electrical connections were made with wire
bonding. Alumina holder was placed in a dewar with ZnSe optical window for
characterization. A blackbody at 774 K was used as the infrared (IR) light
source. The amplitude peak of the radiation from the source was at the mid-IR
wavelength region. Detector signal and noise were measured using a low noise

preamplifier and a lock-in amplifier, while the IR light was chopped at 680 Hz.
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Figure 5.13: Picture of the setup from Electrical Engineering of METU.

The spectral measurements were made in 2.5 um to 6.0 um wavelength
range using an Oriel MIR-8000 FTIR system and a pyroelectric reference
detector. Figure 5.14 shows the 77 K spectral response of 80 um (solid line)
and 60 um (dotted line) diameter photodetectors. The cut-off wavelength
(where the responsivity dropped to half of the maximum) was 5.33 um. This
corresponded to an energy bandgap of 0.23 eV, which was in good agreement
with the theoretical value at 77 K.

Responsivity decreased sharply after cut-off wavelength and it was two
orders of magnitude below the maximum value at 6.0 um. In the responsivity
spectrum, two dips at 3.1 and 4.6 um can be seen easily. This was due to the
absorption peaks of ice in the IR region [88, 89]. Due to leakage in the vacuum,
water vapor accumulated on the detector forming ice, which degraded the

performance of the detectors. Maximum responsivities of the detectors were
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1.00x10° V/W and 4.41x10"° V/W, respectively at 4.35 pm. Both
photodetectors had nearly equal current responsivity of 1.8 A/W and 1.7 A/W,
respectively which corresponds to 49 % quantum efficiency. We also measured
high detectivities for the photodetectors. Peak detectivities of the
photodetectors were 3.41x10° cm HzY?/W for 80 um diameter detector and

7.98x10° cm Hz 4/W for 60 um diameter detector.
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Figure 5.14: Results of the spectral responsivity measurements are shown for
80 um (solid line) diameter and 60 um (dotted line) diameter photodetector.

5.3.3 High Speed Characteristics

Due to lack of suitable measurement setup, high-speed measurements had to be
done at room temperature. Picosecond full-width at half maximum (FWHM)
pulses were generated using a KTiOAsO, (KTA) based optical parametric
oscillator (OPO) at 2500 nm. Figure 5.15 (a) shows the schematics of the OPO.
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Figure 5.15: (a) The schematic diagram of the optical arametric oscillator, (b)
pictures of the experimental setup.

The OPO consisted of an optical resonator with four mirrors that were

highly reflective at the signal wavelength and a 20 mm long KTA crystal that
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has been cut for non-critical phase matching along the 6 = 90° and ¢ = 0°
direction. Type-Il polarization geometry was employed to achieve parametric
creation [90]. OPO was pumped by a mode-locked Ti:Sapphire laser operating
at 780 nm wavelength with 150 femtosecond FWHM pulses at 76 MHz
repetition rate. Figure 5.15 (b) shows the pictures of the experimental setup.
Phase matching was achieved yielding a signal at 1133 nm and an idler at
around 2500 nm. At the output of the OPO the pump and the signal were
filtered out. The idler signal was then focused on the active area of the
photodetectors using an iris and infrared lens [68]. These pulses had a 1
picosecond FWHM.

The temporal response of the photodetectors was measured on a 50
GHz sampling scope and the detectors were biased using a 40 GHz bias-tee
[91]. Temporal responses of 30 and 60 um diameter photodetectors were
measured as a function of reverse bias. Without bias, the responses had long
tails. This tail was due to the diffusion of carriers in the intrinsic region, which
could not be depleted without bias at room temperature. With the application of
bias voltage, we observed a reduction of the FWHM of the detector responses.
At 0.5 V bias, the FWHM values were measured as 59 and 104 psec for 30 and
60 um diameter photodetectors respectively. After 1 V bias, FWHM values
decreased linearly with voltage up to 2.5 V. Measured FWHM values for the
detectors biased with 1.0 and 2.5 V were 41 and 33 psec for 30 um, 65 and 40
psec for 60 um. Figure 5.16 and figure 5.17 shows the temporal response of the
30 um and 60 um diameter photodetectors under 0.5 V, 1.0 V, and 2.5 V
biases. For each detector, both the FWHM and the fall time decreased as we
increased the bias voltage. Frequency responses of the detectors were

calculated using Fast Fourier Transform (FFT). Figure 5.18 (a) and (b) show
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the calculated FFT results of the detectors as a function of bias voltage. Figure
5.18 (c) shows the 3-dB bandwidth of the detectors as a function of bias. The
linear increase in bandwidth with the bias can be seen easily beyond 1.0 V bias.
The maximum bandwidth measured for 30 um diameter detector was 8.5 GHz.
Similar or better high-speed responses are expected when the photodetectors
are cooled to 77 K. The detector active area should be depleted easier and the
diffusion related slow responses can be eliminated.

Such high-speed infrared photodetectors can be used for optical
heterodyne detection and microwave mixing, infrared laser inspection, and free
space communication [92, 93]. It is known that mid-IR and far-IR wavelength
region (3-5 um, and 8-14 um) are better than visible or near infrared regions in

terms of transmission and background noise [94].

5.4 Conclusion

This study has shown the high speed operation of InSb based infrared detectors
for the first time in scientific literature [83, 95]. These detectors had 49 % peak
quantum efficiency at 4.35 pm. Also the detectivity was measured as 7.98x10°
cm HzY4/W for 60 pm diameter detectors. Finally the 3-dB bandwidth of 30
um diameter detectors was 8.5 GHz under 2.5 V reverse bias at room

temperature.
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Chapter 6
Conclusion and Suggestions for

Further Research

This thesis presented the design, fabrication, and characterization of high speed
and high efficiency infrared photodetectors. The design steps included detailed
material selection and optimization. The electrical properties also kept in mind
during the designs. After the growth, the wafers were characterized by optical
methods. Microwave compatible fabrication processes were made at Class-100
clean room environment at Bilkent University Department of Physics, while
measurement were done at the same laboratory in the Class-10000 clean room
environment

The first photodetector was based on InGaAs for the operation around
1550 nm wavelength. The resonant cavity enhancement (RCE) effect was
successfully applied to this detector design to improve the quantum efficiency.
Measurements showed that the detectors had 66% peak quantum efficiency at
1572 nm, which had 3 fold increases with respect to conventional detector
design. The detector had linear response up to 7.4 mW optical power under 4V
reverse bias. The high speed characteristics of the detectors showed 31 GHz
bandwidth for small area photodetectors. For 10x10 um? area detectors, those

had the full optical coupling from a single mode fiber; the 3-dB bandwidth was
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measured as 28 GHz under 6V reverse bias. The corresponding bandwidth-
efficiency-product (BEP) was 18.5 GHz. Although this was the best BEP for
vertical RCE photodetectors, the characteristics of these detectors can be
further improved.

1. The p+ ohmic contact resistance was one of the limiting properties for
the high speed characteristics of the detectors. When this resistance is
lowered, higher bandwidths can be measured from these photodetectors.
A solution is to use different alloy for the contact, which would give
lower resistances when annealed at 450 °C.

2. The grading layers can be improved by using material grading between
InGaAs and InAlAs layers. This grading can be grown by using
different semiconductor layers having energy gap values sorted in
increasing order from InGaAs to InAlAs. This would overcome the

charge trapping problem at the interfaces.

The second detector was based on InSbh. It was intended for operation
between 3 and 5 um wavelengths. The detectors layers were grown on semi-
insulating GaAs substrates. Although there were a large lattice mismatch
between the substrate and the detector layers, very good electrical and optical
characteristics were observed at 77K. The detectors had low dark noise and
high differential resistance around zero bias. Also the responsivity
measurements showed 49% quantum efficiency. The detectivity was measured
as 7.98x10° cm HzY*/W for 60 um diameter detectors. Finally the high speed
measurements showed 8.5 and 6.0 GHz bandwidth for 30 um and 60 pum
diameter detectors, respectively. These are the first reported high speed

characteristics of InSb based photodetectors in the literature. To improve the
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characteristics of these detectors, some modifications can be made during the
fabrication and measurements:

1. The high speed characteristics should be measured at 77 K to get the
true performance of the detectors. The bandwidth of the detectors must
increase at low temperatures, which corresponds to better
characteristics in terms of bandwidth.

2. The fabrication must be simplified to increase the fabrication yield. A
new mask should be designed without an interconnect metallization
along the sidewalls of the mesa. This metallization is hard made with

image reversal lithography due to large mesa heights.

In conclusion, the contribution of this research is the development of
design and fabrication methods to achieve high speed and highly efficient

vertical illuminated photodetectors.
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Appendix A

Frequency Response calculation for a photodetector
Based on the results by Barron et. al. (IEE Electron. Lett. vol.30 p.1796)

Clear[f];

sinc[X ] := N[SINn[X] /X] ;

e0=8.85%10"-14;

e=12;

u=1x10"-4;

1.73

RCd_. A R == 2xPi*Rx (exe0xA/d) ’

(» Transit time for electron and hole x)
te=4.910"-12;
th=7.610"-12;

(» Capacitance limited frequency for the 50 ohm load )
frc= TRC[0.47 x u, 200+ 47, 50];
Print["" RC frequency = "', frc];

(» Find the 3-dB frequency of the photodetector x)

. (SINC[PI +» Fxte] 2 + sinc[Pi«Fxth)"2) "2
T3dB = FindRoot[2 ==

indRoot | 1+ 2/ frcn2)

{f, 5x1079}] 11, 211;
Print["3-dB frequency = "', 3dB];

RC frequency = 1.21854x 104
3-dB frequency = 4.55337x 10%°
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Appendix B

TMM based detector design
This program is used during the design of the InGaAs based 1550nm pin RCE
photodetector

(* read the program file used for normal incidance *)
<<"c:/ibrahim/mathematica/newoblique/normal.txt";

(* set the calculation parameters *)
InitialWavelength=1400;
FinalWavelength=1700;
NumberOfWavelength=301;
DataFileDirectory="c:/ibrahim/mathematica/material-data/";
Layers={

ngjipmn , 0} ,

DBR, 0, {"si3n4v, 223}, {"sio2", 267} },

"ingaas", 40},

"inalas", 310},

"ingaas", 300},

"inalas", 630},

DBR, 25, {"inalas", 121}, {"inalgaas", 112} },

Ilinpll , 0}

.
I

(* calculate the electric field values *)
InitializeStructurell];

(* Reflectivity calculation for the grown wafer *)
refle=FindReflection|[];
ListPlot[refle,PlotJoined-True,PlotStyle-»{RGBColor[0,0,1]},Fram
e-»True,FrameLabel-s{"Wavelength (nm)","Reflectivity (%)"},
PlotLabel->"Calculation for the reflectivity of InGaAs RCE pin
wafer", TextStyle->{FontFamily-"Arial",FontSize-12},
ImageSize-550,
Grid?i?isa{{Automatic,Dashing[{0.0075}]},{Automatic,Dashing[{O.
0075;1};:1;
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Calculation for the reflectivity of InGaAs RCE pinwafer
80 ‘ ! ‘ ‘ ‘

60

40

Reflectivity (%)

20

O I I I I 1 I I

1400 1450 1500 1550 1600 1650 1700
Wawelength (nm)

Find the properties of the photodetector after the process is over and the tuning

done
(* make the simulation for the new thickness of the layers ¥*)
Layers={
ngirn , 0} ,
DBR, 0, {"si3n4", 223}, {"sio2", 267} },
"ingaas", 0},
"inalas", 245},
"ingaas", 300},
"inalas", 630},
DBR, 25, {"inalas", 121}, {"inalgaas", 112} },
Ilinpll , 0}

InitializeStructurel];

refle=FindReflection|[];

ListPlot[refle,PlotJoined-True, PlotRange-{-
1,81},PlotStyle-»{RGBColor[0,0,1]},Frame-»True, FrameLabel-»{"Wavel
ength (nm)","Reflectivity (%)"}, PlotLabel->"Calculation for
the reflectivity of InGaAs RCE pin Photodetector", TextStyle-
>{FontFamily-"Arial",FontSize-12}, ImageSize-550,
Grid?i?ise{{Automatic,Dashing[{0.0075}]},{Automatic,Dashing[{O.
0075;1;;:1;
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Calculation for the reflectivity of InGaAs RCE pin Photodetector

@) Annoajey

1500 1550 1600 1650 1700
Wawelength (nm)

1450

1400

.
I

FindAbsorption[5]
ListPlot [abso,PlotJoined-True, PlotRange-{-

abso

1,81},PlotStyle-~»{RGBColor[0,0,1]}, Frame-True, FrameLabel-{"Wavel
ength (nm)","Quantum Efficiency (%)"}, PlotLabel->"Calculation

TextStyle-

for the QE of InGaAs RCE pin Photodetector",

>{FontFamily-"Arial",FontSize-12}, ImageSize-550,
GridLines-{{Automatic,Dashing[{0.0075}]}, {Automatic,Dashing[{0.

0075}11}}1;

Calculation for the QE of InGaAs RCE pin Photodetector

(o) Aous ol wmuend

1500 1550 1600 1650 1700
Wavwelength (nm)

1450

1400

.
2

FindTransmission[8]

trans
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ListPlot [trans,PlotJoined-True,PlotRange-{-1,81},
PlotStyle-{RGBColor[0,0,1] }, Frame-True, FrameLabel-{"Wavelength
(nm) ", "Transmittivity (%)"}, PlotLabel->"Calculation for the
transmittivity of InGaAs RCE pin Photodetector", TextStyle-
>{FontFamily-»"Arial",FontSize-12}, ImageSize-550,
GridLines-{{Automatic,Dashing[{0.0075}]1}, {Automatic,Dashing[{0.

0075}13}3}1;
Calculation for the transmittivity of InGaAs RCE pin Photodetector

Lt o

Transmittivity (%)
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Appendix C

List of Publications

Our work on RCE photodetectors were mostly in the infrared region. This
work started with GaAs based photodetectors operating around 800 nm, and we
continued up to 1550 nm for different applications. The related publications
with increasing operating wavelength are as follows:

1. Ekmel Ozbay, Ibrahim Kimukin and Necmi Biyikli, "Ultrafast &
Highly Efficient Resonant Cavity Enhanced Photodiodes,” Materials
Science Forum, volume 384-385, p. 241 (2002).

2. Ekmel Ozbay, Ibrahim Kimukin, Necmi Biyikli, Orhan Aytir, Mutlu
Gokkavas, Gokhan Ulu, R. Mirin, D. H. Christensen, and M.Selim
Unlii, "High-Speed >90% Quantum-Efficiency p-i-n Photodiodes with
a Resonance Wavelength Adjustable in 795-835 nm Range,” Applied
Physics Letters , volume 74, p. 1072 (1999).

3. Necmi Biyikli, Ibrahim Kimukin, Orhan Aytur, Mutlu Gokkavas, Selim
Unli, Ekmel Ozbay, "45-GHz Bandwidth-Efficiency Resonant-Cavity-
Enhanced ITO-Schottky Photodiodes,” IEEE Photonics Technology
Letters , volume 13, p. 705 (2001).

4. lbrahim Kimukin, Ekmel Ozbay, Necmi Biyikli, Tolga Kartaloglu,
Orhan Aytir, Selim Unlii, Gary Tutle, "High-speed GaAs-based
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resonant-cavity-enhanced 1.3um photodetector,” Applied Physics
Letters , volume 77, p. 3890 (2000).
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Unlu, Ekmel Ozbay, "InGaAs Based High Performance p-i-n
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The publications for InSh based photodetectors are:
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