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ABSTRACT

ACTIVE SURFACE PASSIVATION FOR SWIR INGAAS
PHOTODETECTORS

Işık, Necati
Master of Science, Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Serdar Kocaman

January 2022, 75 pages

This thesis work offers a new method for decreasing surface leakage current in
infrared photodetector technology. This method involves suppressing the surface
dark current by utilizing a constant E-field on the surface of the photodetector. By
interrupting the channel formation on the surface, a significant improvement in the
generation recombination (GR) dark current component is observed. Relatively
minor improvements on differential resistance and the shunt component of the dark
current are noted. Lattice-matched short-wave infrared (SWIR) Indium-GalliumArsenide (InGaAs) grown on Indium-Phosphide (InP) sample with a cut-off
wavelength of 1.69 𝜇m is processed with mesa etching of 30 𝜇m pixel pitch to verify
this claim. The proper operation of the photodetector is verified using responsivity
measurements. Reported total dark currents reduced from 195 pA to 70 pA per pixel
with -0.1 V bias at 300 K temperature and 175 pA to 39 pA per pixel at 290 K. Using
the dark current modeling, determined GR currents observed to be decreased by
more than 90%. The feasibility of this structure is discussed whether it is possible to
be implemented on focal plane arrays (FPAs).
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ÖZ

KISA-DALGA KIZILÖTESİ İNDİYUM-GALYUM-ARSENİK DİZİNLERİ
İÇİN GELİŞTİRİLEN AKTİF YÜZEY PASİVASYONU

Işık, Necati
Yüksek Lisans, Elektrik ve Elektronik Mühendisliği
Tez Yöneticisi: Doç. Dr. Serdar Kocaman
Ocak 2022, 75 sayfa

Bu tez çalışması, kızılötesi foton detektörü teknolojileri kapsamındaki performans
parametrelerinden birisi olan, yüzey pasivasyonun geliştirilmesi ve yüzey akımının
düşürülmesini sağlayacak özgün bir yöntem sunmaktadır. Bu yöntem yüzeye sabit
elektriksel alan uygulamak suretiyle yüzey şartlarının değiştirilmesi üzerine
dayanmaktadır. Yüzeyde oluşan akım kanalı sekteye uğratılarak, üretim-yeniden
birleşim (GR) karanlık akım bileşeninde önemli ölçüde iyileşme gözlenmiştir.
Bununla birlikte, parallel devre direncinden kaynaklı oluşan karanlık akımda ve
diferansiyel direnç değerlerinde iyileşmeler kaydedilmiştir. Bu tez dahilinde önerilen
yapının doğrulamasının yapılabilmesi için İndiyum-Fosfat (InP) alt taban üzerine
örgü uyumlu İndiyum-Gallium-Arsenik (InGaAs) malzemesi büyütülmüş bir
malzeme kullanılmıştır. Bu malzemenin, kısa-dalga kızılötesi (SWIR) aralığı olarak
nitelendirilen 1.69 mikrometre uzunluğundaki kesim dalga boyu tepkisellik
ölçümleri ile doğrulanmıştır. 30 mikrometre adım uzunluğuna sahip pikseller ıslak
aşındırma yöntemi kullanılarak üretilmiştir. 300 Kelvin sıcaklığında, negatif 0.1
eğimleme voltajı uygulanarak yapılan karanlık ölçüm sonuçlarında; piksel başına
karanlık akımın 195 piko-amperden 70 piko-amper mertebesinde düştüğü, 290
Kelvin sıcaklığında yapılan ölçümlerde ise 175 piko-amperden 39 piko-amper
seviyesine düştüğü gözlenmiştir. Karanlık akım modellemeleri sonucunda GR
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karanlık akımında %90’dan fazla oranda iyileşme olduğu kaydedilmiştir. Sunulan
yöntemin, odak düzlem matrislerine (FPA) uygulanabilirliği üzerine tartışmalara yer
verilmiştir.

Anahtar Kelimeler: Aktif Yüzel Pasivasyonu, SWIR InGaAs, Yüzey Akımı
Baskılama, GR Akımı Baskılama
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An idea is a fantasy to a single mind, revolution to kindred ears, standard to the
masses.
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CHAPTER 1

1

INTRODUCTION

Infrared (IR) is electromagnetic radiation, also referred to as infrared light. It
corresponds to an electromagnetic spectrum with wavelengths longer than visible
light and shorter than microwaves. Visible light is considered 400-700 nm
wavelength range; therefore, the IR spectrum contains the region of wavelengths
from 700 nm up to 1 mm. Short-wave-infrared (SWIR) is classified with
wavelengths of 1 to 3 µm.
The adoption of semiconductor-based technologies started a new technological era.
Nowadays, Silicon (Si) based technologies are powered up almost every
technological device that uses electricity. Similarly, compound semiconductors and
their applications mean a lot in this technological revolution. They are perhaps a little
hidden to the common eye even though they are used in many areas, from the
backbone of the communication infrastructure to tactical military equipment and
deep space exploration. As compound semiconductor technologies got mature,
compound semiconductors now offer a viable solution for the industry and the
consumer electronics market, such as light detection and ranging (LIDAR) scanners.
Moreover, LIDARs operating in the near-infrared (NIR) and SWIR bands are being
used to develop self-driving cars, although argued to be not a cost-effective solution
at the moment [2].
Mature IR semiconductor photodetectors (PD) proved to be highly effective,
especially in the fields where the ultimate performance matters [3]. Nevertheless,
there still exist many challenges to push the performance further, as most of the IR
PDs require to be intensely-cooled for proper operation, which also drives the cost
and power consumptions higher. This thesis offers a new approach for decreasing
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the surface leakage current of the IR PDs, which is an important parameter
determining the performance of the photodetector. 30-µm pitched mesa etched,
SWIR Indium-Gallium-Arsenide (InGaAs)/Indium-Phosphide (InP) test detector
was fabricated for this purpose.
This first chapter covers the fundamental concepts of infrared physics. First is the
infrared discovery, then the blackbody theory is explained within the
thermodynamics perspective. The infrared band formation is expressed with the
natural properties of the atmosphere, and commonly used figures of merit are
discussed with their limitations.
In Chapter 2, photovoltaic SWIR technology is investigated briefly, and selected
InGaAs parameters are given for calculations.
In Chapter 3, the details of the fabrication processes are given. The methodology and
experimental results are stated, and the results are discussed with the theoretical
expectations. Background information about surface passivation is given as a
discussion, and the suggested technique is explained in this chapter.
In Chapter 4, the conclusion of this thesis is addressed. The feasibility of the
proposed structure applicability to a focal-plane array (FPA) level is analyzed.

1.1

Basic Concepts of Infrared

The English astronomer William Herschel first discovered IR radiation by letting
sunlight pass through a prism to a thermometer. Even beyond the visible spectrum,
he noticed a temperature change. He concluded that an invisible light must be
exciting the thermometer [4].
Gustav Kirchoff introduced the term blackbody in 1860. The term blackbody
radiation is also referred to as thermal radiation. According to the second law of
thermodynamics, a net flow of heat incoming from an object should exist.
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Furthermore, the total energy should be conserved according to the first law of
thermodynamics. Thus, for an object at equilibrium with the surroundings:
𝜙𝑖𝑛𝑐 = 𝜙𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 + 𝜙𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 + 𝜙𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 ,

(1.1)

𝜙𝑖𝑛𝑐 is the total incident flux on the blackbody. 𝜙𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 , 𝜙𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 , 𝜙𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑
are the absorbed, transmitted, and reflected portion of the incident flux, respectively.
Dividing the above equation by 𝜙𝑖𝑛𝑐 yields to:
1 = 𝛼 + 𝜏 + 𝜌,

(1.2)

𝛼, 𝜏, 𝜌 are absorbance, transmittance, and reflectance. One of the implications of
equation 1.2; say for a perfectly opaque body with no transmittance (𝜏 = 0), the
incoming radiation is either absorbed or reflected, means that:
𝛼 = 1 − 𝜌,

(1.3)

which also indicates opaque surfaces with low reflectance are also good absorbers.
Kirchoff stated that a perfect black body with no transmittance and no reflectance
(𝜏 = 𝜌 = 0) absorbing all the incident radiation should emit incident radiation back
in order to remain in thermal equilibrium. In other words, a perfect blackbody with
an infinitely thin surface layer, no reflection or scattering that absorbs all the
radiation falling on, must emit all the radiation back to stay in equilibrium. The
radiation mechanism should behave with Lambert’s cosine law [5]. Otherwise, it
would mean that the blackbody should reach higher and higher temperatures in time,
which means never reaching an equilibrium point.
Max Planck argued that the perfect blackbodies do not occur in physical reality
stating that they are ‘theoretical fictions’ [6]. For the cases of the non-perfect black
body (means 𝜏 ≠ 𝜌 ≠ 0), a blackbody (or sometimes referred to as gray body)
absorbs the portion of the incident radiation and then emits less radiation to stay in
the thermal equilibrium point, which means:
𝐸 = 𝜀𝑀,
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(1.4)

𝐸, 𝜀, 𝑀 are emittance, emissivity, and exitance, respectively. Emissivity is a
parameter between 0 and 1; as the emissivity of the black body gets close to 1, it gets
closer to the perfect black body condition, which Gustav Kirchoff explained. Aside
from the perfect black body discussions, Kirchoff’s thermodynamic approach has
other implication as such, an object that stay in equilibrium in temperatures above
the absolute temperature (0 Kelvin (K) or -273.15 Celsius (℃)) should emit thermal
radiation. The spectral radiance of the black body for wavelength (λ) and temperature
(T) is explained initially by the Rayleigh-Jeans law using classical arguments:

𝐵λ (λ, 𝑇) =

2𝑐𝑘𝐵 𝑇
λ4

,

(1.5)

where c is the speed of light, 𝑘𝐵 is the Boltzmann constant, and 𝐵λ (λ, 𝑇) is spectral
radiance. There is an issue with this equation known as ‘Ultraviolet Catastrophe,’
where the spectrum diverges to infinity at the ultraviolet regime [7].
Later, this equation is modified by the Max Planck, assuming that electromagnetic
radiation can be emitted or absorbed only in discrete packets called ‘quanta,’ stating
𝑐

that 𝐸𝑞𝑢𝑎𝑛𝑡𝑎 = ℎ𝜐 = ℎ 𝜆 where ℎ is Planck’s constant. This problem was solved by
Albert Einstein and Satyenda Nath Bose, postulating that Max Planck’s quanta is a
fundamental particle that we call ‘photons’ [8]. As a result, Max Planck’s initial
assumption was verified. The modified spectral radiance derived as:

𝐵λ (λ, 𝑇) =

2ℎ𝑐

1

λ5

𝑒 ℎ𝑐/(λ𝑘𝐵𝑇) −1

,

(1.6)

and spectral exitance by:
𝑀λ (λ, 𝑇) =

2𝜋ℎ𝑐 2
ℎ𝑐
λ5 (𝑒 λ𝑘𝐵 𝑇 )

,

(1.7)

𝑀λ (λ, 𝑇) is the spectral exitance, and its unit is typically derived in the form of power
radiated per unit area and wavelength, which is Watt/cm2-μm. By sweeping the
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temperature and wavelength parameters, one can observe the exitance of objects with
various temperatures.

Figure 1.1. Theoretically expected spectral radiant exitance of black bodies with
various temperatures vs. wavelength. The given plot is formed by sweeping the
wavelength and the designated temperatures in equation 1.7.
From Figure 1.1, one can see that the peak exitance of room temperature objects is
around 10 μm wavelength. Also, one can notice that around the 2.5 μm wavelength,
exitance power drops to deficient levels. If one wants to detect the photons incoming
from the room temperature objects, these points are helpful for which wavelengths
to look. Additionally, the exitance spectrum of the Sun peaks between the 400-700
nm wavelength, which coincides with the visible spectrum range. The peak exitance
shifts to shorter wavelengths as the temperature of an object gets higher. The peak
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exitance wavelength can be estimated by partially differentiating equation 1.7 with
respect to wavelength. It is called Wien’s displacement law given as follows:
𝜕𝑀𝜆 (𝜆, 𝑇)
=0
𝜕𝜆

→ λ𝑚𝑎𝑥 =

2898
(𝜇𝑚).
𝑇(𝐾)

(1.8)

Additionally, one can argue that radiation intensity over all wavelengths
proportionally increases with increasing temperature. This phenomenon is explained
by the Stefan-Boltzmann law as follows:
4
4
𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝜎𝑇𝑟𝑎𝑑
= 𝜀𝜎𝑇𝑡𝑟𝑢𝑒
→

𝑇𝑡𝑟𝑢𝑒 =

𝑇𝑟𝑎𝑑
4

√𝜀

,

(1.9)

𝜎 is Stefan-Boltzmann constant, 𝜀 is the emissivity of the non-ideal blackbody. Once
the emissivity is known, the object’s temperature can be calculated with the
measured exitance.
Exitance contrast is another subject to review as it can be vital for specific
applications such as terrestrial imaging. One can find the peak-contrast of the desired
object by using the second-order partial derivative of the spectral radiance exitance
given by equation 1.7
𝜕 𝜕𝑀𝜆 (𝜆, 𝑇)
(
)=0
𝜕𝜆
𝜕𝑇

→ λ𝑝𝑒𝑎𝑘−𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =

2410
(𝜇𝑚),
𝑇(𝐾)

(1.10)

For the cases of the target and background with very close temperatures, it becomes
hard to distinguish the target from the background. Thus, proper choice of operating
wavelength becomes crucial. For instance, an object resting at 300 K has a peak
exitance at 9.7 μm, whereas the peak exitance contrast at 8 μm wavelength (derived
using equations 1.8 and 1.10).
Choosing the best suitable wavelength (or IR-band) is crucial for a desired infrared
imaging application. On the other hand, we still need to consider the attenuation and
scattering factors as the atmosphere is a good absorber, especially in some portions
of the infrared regime.
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Interaction of light and matter is quite complicated most of the time, as with the case
of atmosphere-photon interaction. The analysis can get quite intense since the
atmosphere contains many different gases and particles in various shapes and sizes.
The scattering phenomenon is relatively well understood as we can inspect it mainly
with two different scattering types; Rayleigh Scattering and Mie Scattering. The
British Physicist Lord Rayleigh first introduced Rayleigh scattering. It is mainly
caused by the elastic collision of the photons (IR radiation for our case) and the much
smaller particles in size compared to the photons’ wavelengths. Rayleigh scattering
is strongly wavelength-dependent as the likelihood of happening correlates with the
wavelength’s inverse fourth power (λ−4). It means shorter wavelengths are much
more affected than longer wavelengths. This phenomenon explains the blue color of
the sky, as the shorter wavelengths (blue color in the visible band) scatter much more
than the longer wavelengths. Thus, incoming blue light from the Sun scatters all
around the atmosphere, forming a sensation as if the blue light originates from the
sky.
The other type is the Mie scattering. It is also known as the Lorenz-Mie-Debye
solution to Maxwell’s equations, named after Gustav Mie. It is most effective when
the particle size is comparable with the incoming photons’ wavelengths. Different
weather conditions and dust particles hanging in the air are the main reasons this
scattering occurs. For instance, an infrared imaging system operating at the
battleground may want to switch IR-bands (assuming it can) under different weather
conditions such as foggy, smoggy, or small debris particles hanging in the air.
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Figure 1.2. The transmittance of the atmosphere for infrared spectrum (redrawn after
[9]).
The most noticeable effect for the attenuation of the incoming photons is due to the
atmosphere’s absorption. As stated before, the absorption analysis is quite
intimidating due to the complicated structure of the atmosphere. Molecular bonds
and intermolecular interactions are best believed to be the primary reason for infrared
absorption. The atmosphere transmittance up to the 15 μm wavelength is given in
figure 1.2 [9]. The natural formation of bands can be observed, given atmospheric
absorption window between the 5-8 μm wavelength due to the H2O molecules.
Additionally, after 14 μm, CO2 has another absorption window which precludes
infrared imaging in these ranges.
These atmospheric absorption windows constitute the natural formation of the IR
bands. The infrared bands given below are also commonly used for classifying the
detector technologies:
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o Near-Infrared (NIR): 0.7 – 1.0 μm wavelengths
o Short-Wave Infrared (SWIR): 1 – 3 μm wavelengths


Extended Short-Wave Infrared (exSWIR or eSWIR) contains the
electromagnetic spectrum from 1 μm wavelength to cut-off
wavelengths of 1.7 to 3 μm.

o Mid-Wave Infrared (MWIR): 3 – 5 μm wavelengths
o Long-Wave Infrared (LWIR): 8 – 12 μm wavelengths
o Very Long-Wave Infrared (VLWIR): 12 – 20 μm wavelengths
o Far Infrared (FIR): 20 – 1000 μm wavelengths
IR imaging systems built upon an array of pixels are called focal plane arrays (FPA).
FPAs require optics to make imaging possible. Optics are one of the integral factors
in infrared imaging systems; designing an optical system requires particular
expertise. For this work, optical system design is not a concern; however, to know
the optical limitations may affect the design and fabrication processes of the IR
photodetectors.
The diffraction limit is an essential point while designing an FPA. It is referred to as
Rayleigh Criterion, and it estimates the diameter of the airy disks by:
D ≈ 2.44 ∗ 𝜆 ∗ (𝑓/#),

(1.11)

D is the diameter of the forming airy ring, 𝑓/# is the f-number of the optics. For
instance, for an FPA operating in the LWIR band with a cut-off wavelength of 10
μm, the diameter of the airy disk is 24.4 μm using f/1 optics. In other words,
incoming thermal radiation from an object forms a blurry-disk spot with a diameter
of 24.4 μm. To extract this information completely, the pixel size (pitch) should be
no less than 24.4 μm. The airy disk that falls on FPA stays on more than one pixel
for smaller pitch sizes — or saying that the same information is passed on to the
neighboring pixels, called cross-talk.
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The diffraction limit is most likely to define the minimum pitch sizes of the desired
IR imaging systems. Even though 24.4 μm looks like a small number, it brings an
issue when fabricating a mega-pixel FPA in terms of operability and performance
uniformity.
This thesis offers a new method to decrease the surface leakage current of an infrared
detector. An InGaAs/InP SWIR sample with a cut-off wavelength of 1.69 μm is
processed to prove this concept. Figure 1.1 indicates that room-temperature objects
have little to no radiation emission at the SWIR band. Thus, thermal imaging is not
possible for SWIR detectors. Sun and Moon reflecting sunlight at night are the
primary sources of infrared radiation. Reflected emission from these sources is
essential for imaging in the SWIR band.

Figure 1.3. Spectral radiance at night due to night glow and different moon
conditions (redrawn after [10]).
Night vision in the moonless night is also possible due to a phenomenon called
airglow. Airglow is the radiation caused by the relaxation of the hydroxyl (OH)
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molecules in the air. OH molecules are excited during the daytime, releasing the
photons at night that coincide with the SWIR wavelengths [10]. The radiance
spectrum of airglow with different moon conditions is illustrated in figure 1.3.

1.2

Properties and Figures of Merit for Infrared Detectors

Rigorous methods are required to compare the performance of the infrared detectors.
This part covers the merits of infrared detectors commonly used by researchers and
experts in this field.

1.2.1

Dark Current of a Photovoltaic Detector

The dark current of a p-n junction can be explained with various current mechanisms.
It can be divided into two main components: bulk and surface current. Bulk current
can be estimated with the sum of diffusion current, generation-recombination
current, tunneling current, and shunt current; surface current can be investigated with
generation-recombination current, tunneling current, and additional surface leakages
[26].
The total dark current can be explained in the following simplified manner:
𝐼𝑑𝑎𝑟𝑘 = 𝐼𝑑𝑖𝑓𝑓 + 𝐼𝑔−𝑟 + 𝐼𝑠ℎ𝑢𝑛𝑡 ,

(1.12)

Diffusion Current is governed by Fick’s laws. He initially explained it as the mass
transport through diffusive means in fluids, later, it is used to explain the diffusive
processes in a semiconductor. Due to thermal carrier generation, carriers flowing
from higher concentration to the lower concentration region produce this current
type. Diffusion current in terms of applied voltage described by:
𝐼𝑑𝑖𝑓𝑓 (𝑉) = 𝐼𝑆 (𝑒 𝑞𝑉/𝑘𝐵 𝑇 − 1) ,
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(1.13)

𝐼𝑠 is denoted as reverse-saturation current. 𝑞, 𝑘𝐵 , 𝑇, are electron charge, Boltzmann
constant, and temperature, respectively. Assuming a long diode condition where the
length of the n and p doped layers are longer than the diffusion lengths, 𝐼𝑠 yields to:
𝐼𝑆 = 𝑞𝐴 (

𝐿𝑝 𝑛𝑖2
𝐿𝑛 𝑛𝑖2
+
),
𝜏𝑝 𝑁𝐷
𝜏𝑛 𝑁𝐴

(1.14)

where 𝜏𝑝 , 𝜏𝑛 are minority carrier lifetimes, 𝑛𝑖2 /𝑁𝐷 , 𝑛𝑖2 /𝑁𝐴 are minority carrier
concentrations calculated by dividing the square of intrinsic concentration by
acceptor/donor doping densities. 𝐿𝑝 , 𝐿𝑛 are minority carrier diffusion lengths which
equal to:
(1.15)

𝐿𝑛,𝑝 = √𝐷𝑛,𝑝 𝜏𝑛,𝑝 ,

where 𝜏𝑛,𝑝 is carrier recombination lifetime, and 𝐷𝑛,𝑝 is diffusion coefficient which
is explained by Einstein coefficient in terms of mobility, Boltzmann constant,
electron charge, and temperature:
𝐷𝑛,𝑝 = 𝜇𝑛,𝑝

𝑘𝐵 𝑇
.
𝑞

(1.16)

Generation-Recombination (GR) current flows mainly due to trap centers inside
the forbidden gap of a semiconductor. Shockley-Read-Hall (SRH) explains it,
denoted as SRH recombination. These trap centers are most effective when their
energy state is at the mid-band and occurs in the depletion region. Point defects are
the main reason why GR processes occur [27]. The SRH recombination process is
explained in equation 3.1-2. Additionally, other recombination processes such as
radiative and Auger contribute to the GR current. The effective GR lifetime can be
explained as:
1
𝜏𝑒𝑓𝑓

=

1
𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒

+

1
𝜏𝐴𝑢𝑔𝑒𝑟

+

1
𝜏𝑆𝑅𝐻

+

2𝑆
,
𝑑

(1.17)

𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 , 𝜏𝑎𝑢𝑔𝑒𝑟 , 𝜏𝑆𝑅𝐻 are radiative lifetime, effective Auger lifetime, and effective
SRH lifetime respectively, 𝑆 is the surface recombination velocity and 𝑑 is thickness

12

of active surface layer. Further stating that GR processes are the most effective at the
depletion layer; GR current is estimated by:
𝐼𝑔𝑟

𝑞𝑉
𝑞𝐴 𝑛𝑖 𝑊𝑑𝑒𝑝
2𝑘
=
(𝑒 𝐵 𝑇 − 1),
𝜏𝑒𝑓𝑓

(1.18)

𝜏𝑒𝑓𝑓 is effective GR lifetime. Depletion layer width 𝑊𝑑𝑒𝑝 is expressed as:
2𝜀 1
1
𝑊𝑑𝑒𝑝 = √ ( + ) (𝑉𝑏𝑖 − 𝑉),
𝑞 𝑁𝐴 𝑁𝐷

(1.19)

𝜀 is the permittivity of the semiconductor and 𝑉𝑏𝑖 is expressed as:
𝑉𝑏𝑖 =

𝑘𝐵 𝑇
𝑁𝐴 𝑁𝐷
ln ( 2 )
𝑞
𝑛𝑖

(1.20)

Ohmic Leakage or Shunt Current is caused by manufacturing defects. Namely,
the line defects (dislocations) and the surface defects such as grain boundaries
constitute this type of mechanism [27]. Therefore, both surface and growth
conditions are effective in forming shunt resistance/current, given as:
𝐼𝑠ℎ𝑢𝑛𝑡 =

1.2.2

𝑉
𝑅𝑠ℎ𝑢𝑛𝑡

(1.21)

Quantum Efficiency and Responsivity

Quantum efficiency is a measure of generated electron-hole pairs per incident
photon. The detector-photon interaction can be explained by Kirchoff’s law, defined
with equations 1.1, 1.2.
Initially, there exist incident photons. Some of the incident power is reflected at the
interface of the detector. Some radiation power is absorbed, results in current
flowing, and the rest is transmitted through the detector. Reflections from the surface
of the detector can be decreased by depositing an anti-reflecting coating (ARC) to
the surface. Absorption can be increased by increasing the active layer’s thickness,
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thus decreasing the transmission. These factors can be optimized by considering the
other device parameters, such as diffusion length, resulting in higher quantum
efficiency and higher responsivity. Quantum efficiency can be given as:
𝜂𝑄 =

𝜂𝑋 =

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ℎ𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠
,
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑟𝑒𝑎𝑐ℎ𝑖𝑛𝑔 𝑡𝑜 𝑎𝑐𝑡𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 ℎ𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠 𝜂𝑄 (1 − 𝑟)(1 − 𝑒 −𝛼𝑡 )
=
,
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
1 − 𝑟𝑒 −𝛼𝑡

(1.22)

(1.23)

𝜂𝑄 is internal quantum efficiency, whereas 𝜂𝑋 is external quantum efficiency and is
directly related to the responsivity of the detector. 𝑟, 𝛼, 𝑡 parameters are the
reflection coefficient, absorption coefficient, and the active layer thickness of the
detector, respectively. The relation between the quantum efficiency and the
responsivity of a photovoltaic detector can be given as:
𝜂𝑋 =

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 − ℎ𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠
𝐼𝐿 /𝑞
ℎ𝑐
=
=
𝑅,
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑃𝑖𝑛 /𝐸𝑝ℎ𝑜𝑡𝑜𝑛 𝜆𝑞

(1.24)

𝐼𝐿 is the current flowing at the load, 𝑃𝑖𝑛 is incident photon power, and R being the
responsivity. Responsivity determines the magnitude of response of the detector for
an incident photon flux. Rearranging equation 1.14:
𝑅=

𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑖𝑔𝑛𝑎𝑙
𝐼𝐿
𝑞
𝜆(𝜇𝑚)
=
= 𝜆𝑔𝜂
=
𝑔𝜂 (𝐴/𝑊),
𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟
𝑃𝑖𝑛
ℎ𝑐
1.24

(1.25)

an additional 𝑔 parameter called gain is caused by the internal gain mechanisms of
some detector types, such as photoconductive detectors.
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Figure 1.4. Ideal responsivity versus energy gap and wavelength (redrawn after [11]).
The ideal responsivity that a detector can reach is given in figure 1.4. One can notice
that it is inversely proportional to the wavelength, as inferred from equation 1.25. A
blackbody source is commonly used for the responsivity measurements since it is
much cheaper and widely available than its tunable narrowband counterparts. In that
case:
∞

∫ 𝑅(𝜆)𝜙(𝜆)𝑑𝜆
𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑖𝑔𝑛𝑎𝑙
𝑅𝐵𝐵 (𝑇) =
= 0 ∞
.
𝑏𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦 𝑝𝑜𝑤𝑒𝑟
∫0 𝜙(𝜆)𝑑𝜆

(1.26)

Blackbody responsivity is defined as the produced response of a detector with an
input optical radiation of 1 Watt of power.
The responsivity alone is insufficient merit to define the ultimate performance of the
detector. The detector may have high noise levels, resulting in an inadequate signalto-noise ratio (SNR or S/N).
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1.2.3

Various Noise Mechanisms

Noise is described as unwanted oscillations at the output signal. Various sources and
mechanisms acting upon the detector cause these signal variations; thus, they should
be reviewed in their context.

1.2.3.1

Johnson-Nyquist (Thermal) Noise

Thermal fluctuations or thermal agitation of the carrier charges (electron or holes in
a semiconductor) inside a conductor causes this type of noise. It is temperature
dependant. As long as an absorption process exists, this type of noise should never
decay entirely according to the fluctuation-dissipation theorem, even at the absolute
zero temperature. It is known to be almost wholly frequency independent (white),
except for extremely high frequencies and near absolute zero temperatures due to the
quantum effects [12].

Figure 1.5. Equivalent circuits for Johnson-Nyquist noise.
Circuit representation for the thermal noise is given in figure 1.5. Noise current
spectral density and noise voltage spectral density is calculated with:

𝑉𝑛 (𝑟𝑚𝑠) = √4𝑘𝐵 𝑇𝑅 (𝑉/√𝐻𝑧) 𝑜𝑟 𝐼𝑛 (𝑟𝑚𝑠) = √

4𝑘𝐵 𝑇
(𝐴/√𝐻𝑧),
𝑅

(1.27)

𝑅 is the dynamic resistance of the detector. Noise voltage or current defined as:
4𝑘𝐵 𝑇Δ𝑓
𝑉𝑛 (𝑟𝑚𝑠) = √4𝑘𝐵 𝑇𝑅Δ𝑓 (𝑉𝑜𝑙𝑡𝑠) 𝑜𝑟 𝐼𝑛 (𝑟𝑚𝑠) = √
(𝐴𝑚𝑝𝑠),
𝑅
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(1.28)

where Δ𝑓 is the measurement bandwidth.

1.2.3.2

Shot (Poisson) Noise

Shot noise is a prominent noise mechanism in IR-detector technology. It occurs due
to the discrete nature of the photons and electric charge. Hence, both the dark current
and the photocurrent acting upon the detector contribute to this type of noise. For the
photovoltaic detectors operating at the MWIR and LWIR bands, shot noise is
dominant in most cases because the exitance of the room temperature objects is high
enough. On the other hand, it may not be the case for the devices operating at SWIR
band depending on the operation conditions, i.e., daytime or nighttime imaging.
The nature of the shot noise can be explained similarly to a coin toss experiment. As
the number of coin tosses increases, fluctuations will decay, and the result of the
actual experiment will converge to the expected value of the experiment. Similarly,
for the photon counting devices (such as photon detectors), as the integrated number
of photons increases, fluctuations decay, noise is said to be decreased. As the law of
large numbers suggests, relative fluctuations are going to decay with the mean square
of the root of the photon or carrier number. The average number of carriers is defined
as:
𝑁=

𝐼
Δ𝑡
𝑞

(1.29)

The variance of the number of carriers can be defined statistically; recall random
variable statistics for a Poisson distribution:
2
𝑟𝑚𝑠 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝑛𝑜𝑖𝑠𝑒) = √(𝑁 − 𝑁) = √𝑁,

(1.30)

thus shot noise can be determined by:
√𝑁
𝑆
𝑁
=
= √ 𝑁 → 𝑖𝑛 = 𝑞
= √2𝑞𝐼𝑡𝑜𝑡 Δ𝑓 (𝐴𝑚𝑝𝑠),
𝑁 √𝑁
Δ𝑡
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(1.31)

𝑞 is electric charge, 𝐼𝑡𝑜𝑡 is the sum of photo and dark currents, and Δ𝑓 is the
measurement bandwidth. Dividing equation 1.31 with √Δ𝑓 results in spectral noise
density that is frequency independent; thus, shot noise is said to be white noise.

1.2.3.3

1/f (Pink) Noise

This phenomenon is observed in semiconductors and the various fields and concepts
such as in biophysics, different magnitude earthquakes, and diffusion processes [13].
Empirical methods are used for expressing this type of noise since the exact origin
of the 1/f noise is still unknown. It is dominant at lower frequencies and becomes
relatively negligible at higher frequencies. A representative graph of noise current
with respect to frequency is given in figure 1.6.

Figure 1.6. A typical frequency spectrum of a noise current with respect to
measured frequency.
Other types of noise mechanisms exist, such as capacitor noise and
generation recombination noise which are typically not dominant. The total noise
current can be calculated with the mean-rms currents of the noise processes:
2
2
2
2
2
𝑖𝑡𝑜𝑡𝑎𝑙−𝑛𝑜𝑖𝑠𝑒
= 𝑖𝐽𝑜ℎ𝑛𝑠𝑜𝑛
+ 𝑖𝑠ℎ𝑜𝑡
+ 𝑖1/𝑓
+ 𝑖𝑜𝑡ℎ𝑒𝑟−𝑠𝑜𝑢𝑟𝑐𝑒𝑠
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(1.32)

The typical noise sources in a photovoltaic (PV) detector are:


Shot noise caused by both the dark current and photocurrent. Photocurrent
noise can be explained as the feedback noise of the signal and the
background.



Johnson noise occurs due to detector resistance and load resistance.
Combination of detector resistance and the read-out integrated circuit (ROIC)
input resistance.



1/f noise caused by the current flow.



Noise associated with the preamplifier circuit and preamplifier output noise
voltage.

1.3

Noise Equivalent Power and Specific Detectivity

Noise equivalent power (NEP) is an expression for required radiant flux to generate
an output signal equal to the detector’s noise. In other words, radiant power incident
on the detector to have an SNR of 1. The NEP expression in terms of responsivity
and rms noise:
𝑁𝐸𝑃 =

𝑣𝑛𝑜𝑖𝑠𝑒,𝑟𝑚𝑠 𝑖𝑛𝑜𝑖𝑠𝑒_𝑟𝑚𝑠 𝜙𝑠𝑖𝑔𝑛𝑎𝑙
(𝑊𝑎𝑡𝑡𝑠).
=
=
𝑅𝑣
𝑅𝑖
𝑆𝑁𝑅

(1.33)

Smaller NEP means higher detector sensitivity. NEP itself is not a sufficient figure
of merit to describe the detector performance because it is dependent on detector area
and electronic bandwidth.
The detectivity (D) of a detector is expressed with 1/NEP. Since the NEP depends
on the detector area and bandwidth, the detectivity (1/NEP) is also a poor figure of
merit in comparing different detector mechanisms or materials. By normalizing the
detectivity with noise-equivalent bandwidth and detector area, we get normalized
detectivity. The normalized or specific detectivity (D*) is often used as a good
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predictor of the performance of an infrared detector. The specific detectivity
expression is directly proportional with the SNR and the responsivity, defined as:
𝐷∗ =

√𝐴𝑑 Δ𝑓 √𝐴𝑑 Δ𝑓
√𝐴𝑑 Δ𝑓
=
𝑆𝑁𝑅 =
𝑅𝑖 ,
𝑁𝐸𝑃
𝜙𝑑
𝑖𝑛

(

𝑐𝑚√𝐻𝑧
)
𝑊𝑎𝑡𝑡

(1.34)

√𝐴𝑑 Δ𝑓
𝑅𝑣 ,
𝑣𝑛

(

𝑐𝑚√𝐻𝑧
)
𝑊𝑎𝑡𝑡

(1.35)

𝑜𝑟

𝐷∗ =

The plot of a spectral-specific detectivity D*(𝜆) of a photon detector is given in figure
1.7. The spectral specific detectivity can be determined as follows:
∗
𝐷∗ (𝜆) = 𝐷𝑝𝑒𝑎𝑘
(𝜆𝑐𝑢𝑡−𝑜𝑓𝑓 )

𝜆
𝜆𝑐𝑢𝑡−𝑜𝑓𝑓

.

(1.36)

Figure 1.7. Spectral specific detectivity of a photon detector.

1.4

Noise Equivalent Temperature Difference

Noise equivalent temperature difference (NETD) is the minimum detectable
temperature difference of an object with respect to the background radiation. Thus,
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lower NETD means higher detector performance. The NETD expression is
determined as follows:
𝑁𝐸𝑇𝐷 =

[4(𝑓/#)2 + 1]√Δ𝑓
𝑑𝑀𝑡𝑎𝑟𝑔𝑒𝑡 (𝐷∗ (𝜆))
∞
∗
(𝜆)
𝑇(𝜆)
𝐷
𝑑𝜆
√A𝑑 ∫0
𝑑𝑇

(1.37)

f/# is the f-number of the used optics, D* is the specific detectivity, T is atmospheric
transmission, and M is the spectral exitance of the target object. The biggest
drawback of the NETD is its dependency on f/# of the used optics. Smaller f/# optics
requires bulkier optics, resulting in lower NETD. Thus, the used optics should be
identified to compare NETD values of the different photodetectors.

1.5

Noise Equivalent Irradiance

Noise equivalent irradiance (NEI) is the flux density at the entrance of optics to
generate an output signal-to-noise ratio (SNR) of 1. Noise equivalent irradiance, also
referred to as noise equivalent flux density (NEFD), is defined in terms of f-number:
𝜆𝑐𝑢𝑡−𝑜𝑓𝑓

𝑁𝐸𝐼𝐵𝐿𝐼𝑃

√2Ωd Δ𝑓 ∫
2ℎ𝑐
0
=
𝜆𝑐𝑢𝑡−𝑜𝑓𝑓 𝐷𝑜𝑝𝑡 𝜏𝑜𝑝𝑡 𝜏𝑎𝑡𝑚
𝜋𝜂

𝐿𝑝,𝑏𝑘𝑔 𝑑𝜆

(1.38)

Ωd is detector solid angle, 𝐷𝑜𝑝𝑡 is the diameter of the optics and 𝜏𝑜𝑝𝑡 , 𝜏𝑎𝑡𝑚 are optical
transmittance and atmospheric transmittance between the point source and the
detector system, 𝐿𝑝,𝑏𝑘𝑔 is background radiance and 𝜂 is the factor (typically 2)
related to switching between measuring a source and off-source. NEI can be
interpreted as an average over a spectral interval or as the peak value. It is used to
characterize the entire system’s performance; however, it can also be defined as
radiant flux density to produce an SNR of 1. In that case, it can be used to determine
the performance of the different area detectors [25]:
𝑁𝐸𝐼 =

𝐸
𝑁𝐸𝑃
=
𝑆𝑁𝑅
𝐴𝑑
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(1.39)

𝐸 is irradiance and 𝐴𝑑 is the area of the detector.
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CHAPTER 2

2 BRIEF SUMMARY OF PHOTOVOLTAIC SWIR TECHNOLOGIES

Photovoltaic SWIR detector technologies are covered in this chapter. Application
areas for SWIR photodetectors are introduced, and properties used in a given field
are discussed. Types of SWIR photodetectors with different material systems are
reviewed for desired applications.

2.1

Various Applications for SWIR Photodetectors

SWIR photodetector technologies are employed for medical imaging, optical
communication, deep space exploration, quality control for commercial products,
and commonly for military applications.
Human bones are transparent at the SWIR band. Thus, by using an illumination
source, one can observe the veins and arteries of a human body. A NIR/SWIR
InGaAs camera reflects the details of the veins of an arm [14]. It may be used in the
early diagnosis of vascular diseases; also, surgical complications may be avoided
with these medical images.
Deep space observation is one of the application areas of a SWIR detector. Very
recently, the most powerful manmade telescope was launched to the second
Lagrange (L2) Earth orbit, which is approximately 1.5 million kilometers away from
Earth. Named after James Webb, James Webb Space Telescope equipped with
various infrared detectors has a mission to observe deep space high-redshift distant
objects. These distant stellar objects might be holding the secrets of how the universe
is formed, and this mission is expected to give us clues about them.
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This controversial project cost a whopping 10 billion USD since its inception in
1997. Many risks involved with this engineering marvel caused its launch to be
postponed many times over the years. The mission duration is planned to be 10 years
after starting the duty. When it becomes online, it is going to be the most powerful
telescope with infrared detectors standing at the heart of it. It has a total of 18 infrared
detectors with various cut-off wavelengths. The Near Infrared Camera (NIRCam) of
the James Webb Space Telescope can detect photons with wavelengths 0.6 – 2.5 𝜇m
long, covering NIR and SWIR and extended-SWIR bands. This mercury-cadmiumtelluride (MCT) detector (with product line name of H2RG) was made by Teledyne
Imaging Sensors in California, US [15].
Thermal radiation of room temperature objects at the SWIR band is fairly low
compared to the MWIR and LWIR bands observed in figure 1.1. Typically,
thermally generated photocurrent is comparable to the noise of the detector-ROIC
couple in the SWIR band. Thus, MWIR and LWIR bands offer much better results
for thermal imaging.
Although the exitance of the room temperature objects at the SWIR band is quite
low, photons originating from the Sun enable SWIR imaging. Similar to the
operation of visible imaging using a CMOS camera, it is possible to form an image
with the reflected infrared radiation from the objects.
Regardless the origin of the photons, the SWIR band has advantages over the visible
band due to the transmission of the atmosphere and objects. Where the ambient
conditions such as haze and fog exist, it is possible to observe objects using a SWIR
photodetector, whereas the visible band is not useful. Scattering through cloud, haze,
smoke, and fog of SWIR radiation is explained in Driggers et al. [28]. Additionally,
lasers with 1550 nm and 850 nm wavelengths are used for target designation for
tactical missile systems. In that case, SWIR imaging sensors are useful for finding
and locking to the target accurately [17].
For military applications, generally, many detectors and sensors in different
electromagnetic bands such as SWIR, MWIR, LWIR, visible cameras, and radar
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systems are used together to complement each other. The information provided by
these systems vitally dictates the warfare conditions; hence, military personnel is
heavily dependent on these.
Similarly, for the deep space explorations, more information resolves to better
understanding. Thus, space applications utilize various spectral bands to observe,
and they are limited by the performance of the corresponding detector systems.

2.2

Common SWIR Photovoltaic Detectors

To understand the SWIR photodetectors, they should be analyzed with the area of
interest of the given system. For some applications, absolute performance is the key
interest for such military equipment, and for some others, different environment and
operation conditions may determine its usefulness. For instance, Germanium (Ge)
can be used as a SWIR photodetector in an optical communication system because
it can be utilized in an integrated circuit monolithically. Moreover, extrinsic factors,
including the cost of the detector system and the desired operation conditions,
mandate certain tradeoffs. Considering all these factors, research in this field
converged to certain materials and photodetector systems.
Germanium (Ge) is a semiconductor with unique features. In its natural crystal
formation, it is an indirect bandgap material; however, various techniques such as
inducing strain or alloying with Tin (Sn) allow it a transition to direct bandgap
illustrated in figure 2.1 [18]. Employing these manipulations, Ge grown on Si offers
infrared imaging up to 1.6 𝜇m wavelength [19].
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Figure 2.1. Band structure in energy-momentum space. (A) Typical direct bandgap
semiconductor. (B) Band diagram of Ge, electrons occupy the indirect L-valley. (C)
Inducing strain to Ge or alloying with Sn decreases the bandgap, resulting in a
population increase in Γ-valley (redrawn after [19]).
SWIR Ge photodetector with a 10 𝜇m pitch length has been reported to have an
average dark current of 28 fA at -45 ℃ temperature. Reported quantum efficiency
(QE) is 34% at 1.3 𝜇m [19].
Ge offers a low-cost solution, and results are promising; yet, research in Ge
photodetectors for SWIR imaging is relatively uncommon because of its low
quantum efficiency, shorter peak responsivity wavelength, and indirect bandgap.
Under these conditions, Ge is perhaps more suitable for communication purposes in
photonic integrated circuits due to its low cost and ability to monolithic integration
to CMOS processes rather than SWIR imaging.
Mercury-Cadmium-Telluride (Hg1-xCdxTe) (MCT) is a natural infrared
photodetector material. HgCdTe is a ternary alloy with perfect properties tailored for
all infrared spectrum. MCT photodetector technology offers huge control over its
bandgap; thus, by changing the mole fractions of Mercury (Hg) and Cadmium (Cd),
it is possible to fabricate photodetectors in SWIR (starting ~1 𝜇m) to VLWIR bands
(up to 30 𝜇m). Additionally, it is a direct bandgap material with high absorption
coefficient, and its lattice constant does not change much for changing the mole
fraction of x. These unique properties of MCT put it in a very critical position [29].
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The bandgap and the lattice constant variation of MCT with respect to mole fraction
are plotted in figure 2.2.

Figure 2.2. Energy gap and the cut-off wavelength of Hg1-xCdxTe with corresponding
lattice constant and mole fraction (x) at 77 K.
Typically, high-performance MCT photodetectors are grown on lattice-matched
Cadmium-Zinc-Telluride (CZT) substrate. It is also possible to fabricate MCT
photodetectors on alternative substrates such as Silicon, but it comes with a
compromise in the detector’s performance [30]. One of the major drawbacks of the
MCT is the cost and the availability of high-quality CZT substrates. The other factors
include non-uniformities for large-scale applications, high-cost less-yield growth
and processing, and bad surface stability. These conditions make MCT a challenging
material; yet, its perfect properties render it indispensable, especially for LWIR
applications.
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The biggest advantage of MCT in SWIR applications is its finely-tunable bandgap
compared to mature InGaAs/InP photodetectors. The biggest limitation of the SWIR
band is the low photon exitance of the room temperature objects in this regime. The
extended SWIR photodetectors offer higher image quality due to photon exitance
and higher contrast because of the different emissivity of the objects. Finely-tuned
lattice-matched MCT photodetectors offer a dark current density of 2 nA/cm-2 at 240
K temperature with extended-SWIR cut-off wavelength of 2.5 𝜇m [31]. Compared
to InGaAs SWIR photodetectors, In1-xGaxAs is only lattice-matched to InP substrates
when mole fraction x=0.47, providing a shorter cut-off wavelength of 1.7 𝜇m. Thus,
extended SWIR wavelengths are the best place for MCT photodetectors in SWIR
technology.

Indium-Gallium-Arsenide (In1-xGaxAs) is the key material for SWIR imaging.
InGaAs grown on InP photodetectors is one of the most mature technology in
infrared imaging. InGaAs’ great properties combined with the availability and lower
cost of high-quality InP substrates bring InGaAs SWIR photodetectors versatility in
the SWIR market. InGaAs’ intrinsic qualities include high quantum efficiency, high
electron mobility, and high absorption coefficient [32]. The mature fabrication
technology led to good quality lattice-matched InGaAs/InP photodetectors operating
near room temperatures.
Selected In0.53Ga0.47As and InP parameters at 300 K is given in table 2.1 and 2.2,
respectively. These parameters are also used in calculations in the next chapter.
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Table 2.1 In0.53Ga0.47As Material Parameters at 300 K

Parameter

Value

Reference

Bandgap

0.74 eV

[33]

Lattice constant

5.8687 A

[34]

6.3 x 1011 cm-3

[35]

13.1 – 14.1

[36]

> 104 cm2/V.s

[37]

Intrinsic carrier concentration
(ni)
Static relative permittivity
(𝜖𝑟 )
Bulk electron mobility
(𝜇𝑛,𝑏𝑢𝑙𝑘 )
Surface electron mobility

1500 – 2600
cm2/V.s

(𝜇𝑛,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 )
Surface carrier density

2.3 x 1012 cm-2

(2DEG) (ns)

3.1 x 1012 cm-2
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[38]

[38]

Table 2.2 InP Material Parameters at 300 K

Parameter

Value

Reference

Bandgap

0.74 eV

[39]

Lattice constant

5.8687 A

[40]

1.3 x 107 cm-3

[41]

12.5

[41]

Intrinsic carrier concentration
(ni)
Static relative permittivity
(𝜖𝑟 )

Mesa type and planar type InGaAs/InP photodetectors are employed in this field.
The structure and fabrication of mesa-type photodetectors are explained in chapter
3. The planar type InGaAs/InP structure is given in figure 2.3 and mesa type in figure
2.4.

Figure 2.3. Typical SWIR planar InGaAs/InP structure (redrawn after [42]).
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Figure 2.4. Mesa type SWIR InGaAs/InP structure.
Planar type photodetectors offer much better performance than mesa type in terms
of dark current density and specific detectivity. The state-of-the-art performance in
SWIR is listed in table 2.3. The dark current density of 2.3 nA/cm -2 and specific
detectivity higher than 1013 cm.Hz1/2W-1 are reported at room temperature [42].
The biggest drawback of mesa structure–the surface leakage is mostly overcome in
planar type. On the other hand, the pixel isolation in mesa structure does not exist in
planar type. Thus, planar-type SWIR photodetectors are prone to cross-talk.
Moreover, it impossible to produce a dual-band/dual-color planar photodetector.
Therefore, mesa-type photodetectors are still being used even though their
performance does not match the planar types.
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Table 2.3 State-of-the-art performance comparison of planar type InGaAs/InP SWIR
photodetectors.
Dark Current

D*

QE

Reference

(nA/cm-2)

(cm.Hz1/2W-1)

(%)

Zhang et al. [42]

2.3 @ RT

1.1x1013

88%

> 99.9%

Li et al. [43]

< 5 @ RT

5 x1012

75%

> 99%

0.5 @ 280 K

> 1013

80%

> 99.5%

3.8 @ RT

> 1013

80%

99.98%

Hood et al. [46]

< 1 @ 285 K

> 1013

70%

> 99.5%

Dixon et al. [47]

2 @ 282.5 K

> 1013

65%

> 99%

Yuan et al. [48]

0.7 @ 280 K

> 1013

80%

> 99%

Fraenkel et al. [44]
Macdougal et al. [45]
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CHAPTER 3

3

FABRICATION AND CHARACTERIZATION OF InGaAs/InP SWIR INFRARED
TEST DETECTOR WITH ACTIVE SURFACE PASSIVATION

A novel method for surface passivation of InGaAs/InP photodetectors is introduced
in this chapter. As a proof of concept, a molecular beam epitaxy (MBE) grown
InGaAs/InP on InP substrate is fabricated, and device performance is evaluated.
Fabrication steps for this technique are explained, and the characterization methods
and results are submitted accordingly.

3.1

A Discussion Regarding the Surface Recombination and Fixed Charges

The surface phenomenon is first described by Tamm (1932), stating that the
existence of a crystal surface cuts off the periodic potential field of the
semiconductor. It yields the surface to generate additional energy levels that stand in
the forbidden gap of the semiconductor [21]. This analysis is hard enough for more
than a single trap energy level; it is much more complicated for the actual surfaces
due to the oxidization and impurities of the crystal surface. Hence, a one-dimensional
crystal surface under the ideal conditions is discussed in formulization.
Surface recombination is a non-equilibrium carrier recombination process, and the
surface recombination rate is explained as an extension of the Shockley-Read-Hall
(SRH) theory. Suppose a surface contains uniformly distributed recombination
centers with a density of 𝑁𝑇 , and all of these centers are located at the 𝐸𝑖 − 𝑒𝜙𝑠 . The
recombination rate of these centers is defined with its capture cross-sections and
electron and hole densities at the surface. Assuming a nondegenerate electron and
hole distribution, using statistical analysis to get recombination rate per unit area:
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𝑟𝑠 =

𝑁𝑇 𝑐𝑝 𝑐𝑛 (𝑝𝑏 + 𝑛𝑏 )Δ𝑝
,
𝑐𝑝 (𝑝𝑠 + 𝑝𝑠1 ) + 𝑐𝑛 (𝑛𝑠 + 𝑛𝑠1 )

(3.1)

𝑐𝑛 and 𝑐𝑝 are the probability per unit time volume of a hole and an electron being
captured by the recombination center. 𝑝𝑠 , 𝑛𝑠 are free carrier densities on the surface,
𝑝𝑏 , 𝑛𝑏 , are bulk carrier densities and 𝑝𝑠1 , 𝑛𝑠1 are surface carrier densities where the
Fermi energy is at the 𝐸𝑖 . The energy diagram for this type of recombination is given
in figure 3.1.

Figure 3.1. Surface state energy level below the mid-gap for an n-type
semiconductor.
Assuming that 𝑝𝑠 = 𝑝𝑏 , 𝑛𝑏 = 𝑛𝑠 , the surface recombination rate using equation 3.1,
𝑆=

𝑁𝑇 𝑐𝑝 𝑐𝑛 (𝑝𝑏 + 𝑛𝑏 )
𝑟𝑠
=
Δ𝑝 𝑛 𝑐 𝑒𝑥𝑝 [𝐸𝐹 − 𝐸𝑖 + 𝑒𝜙𝑠 ] + 𝑛 𝑐 exp [− 𝐸𝐹 − 𝐸𝑖 + 𝑒𝜙𝑠 ]
𝑖 𝑛
𝑖 𝑝
𝑘𝐵 𝑇
𝑘𝐵 𝑇
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(3.2)

Shockley-Read-Hall explains the above formula, and it only applies to a
recombination center with a single energy level [22]. The validity of this formula is
studied by Gräfe (1971), and he concluded that it is merely a simple model for the
highly complicated case; thus, it is only useful to a certain extent [23].
Surface recombination is one of the critical parameters determining the performance
of a detector. Especially for the cases where the surface area is comparable with the
effective pixel active area, the dark current of the fabricated detector is very likely
to be dominated by the surface leakage. The standard method to prevent this is to
employ a passivating layer on the surface. Even though the passivation layer is
reasonable for covering dangling bonds, surface conditions are still dominant for
determining the performance of the detectors for the typical pitch sizes less than 40
𝜇𝑚.
A relatively less discussed topic in surface passivation is the fixed charges on the
surface of a detector. An accumulation layer forms at the surface by employing a
passivation layer. This accumulation layer is expected to reduce the surface
recombination rate and improve the device’s performance. Besides, due to the larger
conductive area (especially for mesa structures), the devices’ resistance and
detectivity are degraded. Thus, planar-type photodetectors are employed to decrease
the surface area instead of mesa etched photodetectors.
Assuming a photoconductive detector with identical top and bottom surfaces, the
resistance of the detector can be approximated as
𝑅=

1
𝑙
,
𝑞 ∗ (𝑁𝑏 𝜇b + 2𝑁𝑠 𝜇𝑠 /𝑑) 𝑤𝑑

(3.3)

𝑙, 𝑤, and 𝑑 are the detector’s length, width, and heigh. 𝑁𝑏 , 𝑁𝑠 are the bulk carrier
density and fixed surface charge density, 𝜇b , 𝜇𝑠 , mobility of the bulk carriers, and
surface carrier velocity. Using equation 3.3, one can see the effect of the fixed
charges on the resistance of a detector in figure 3.2.
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Figure 3.2. Device resistance vs. surface charge densities for various bulk carrier
densities of a photoconductor. Derived using equation 3.3. (Used parameters l = 30
𝜇𝑚, w = 30 𝜇𝑚, d = 3 𝜇𝑚. Nb denotes bulk carrier density, Ns denotes surface charge
density. The other required parameters are used given in table 2.1.) A similar study
for an MCT photoconductive detector is published in ref.: [21].
One way to change the surface fixed charges is to provide a constant electric field to
the surface. For this purpose, a metal-oxide-semiconductor (MOS) structure is
proposed to change the fixed charge density at the surface by applying a biasing
voltage. A representative sketch of this structure is given in figure 3.3.
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Figure 3.3. Simplified sketches of (A) metal oxide semiconductor (MOS) and (B)
suggested structure.
The resultant structure is somewhat similar to the metal-oxide-semiconductor fieldeffect-transistors (MOSFET). Changing surface-gate–ground voltage can induce a
conductive path or block the conductive path depending on the biasing voltage
polarity similar to the MOSFETs. The operation point of the detector can be
optimized by changing the surface charges adaptively, which is why this is named
active surface passivation.

3.2

Fabrication of the Test Detector

The fabrication procedure consists of many micro-fabrication steps followed by
material growth. InGaAs/InP epilayers are grown on a 4” InP wafer using the MBE
system at the Quantum Devices and Nanophotonics Research Laboratory, METU.
Mesa structure with 30 𝜇𝑚 pitch is processed on the grown material in the
cleanroom. The detailed processing steps and basics of MBE growth are discussed
in this section.

37

3.2.1

Basics of Molecular Beam Epitaxy

Molecular beam epitaxy is a method for epitaxial growth. With several molecular or
atomic beams interacting at the surface of a heated substrate, epitaxial growth is
achieved in a controlled environment.
An MBE system typically consists of three different chambers to conveniently loadunload substrates without disturbing growth conditions. The load-lock chamber
where the samples are loaded and unloaded is divided by the buffer chamber to
prevent breaking the ultra-high-vacuum (typical pressures around 1E-11 Torr) at the
growth chamber. Each chamber is continuously pumped to avoid any contamination
to the growth chamber.
The ultra-high-vacuum condition provides materials with outstanding purity levels.
This condition is achieved by pumping the growth chamber with a cryopump and
cooling the chamber walls with liquid nitrogen. In-situ mass spectroscopy is used for
probing vacuum leaks and determining the impurity molecules inside the growth
chamber. On top of that, it requires regular maintenance to keep these conditions
which should be carried out diligently since it has many complex parts and modules.
A sketch of a common MBE growth chamber is illustrated in figure 3.4.
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Figure 3.4. A representative sketch of the growth chamber of the MBE reactor.
The growth chamber is equipped with several Knudson effusion cells, a reflection
high-energy electron diffraction (RHEED) gun, and a luminant window to monitor
the RHEED pattern. Additionally, in-situ mass spectrometry and a rotating substrate
holder with a temperature manipulator reside in the growth chamber.
Researchers at Princeton University developed a state-of-the-art MBE system with
four cryopumps running simultaneously. They achieved the growth of galliumarsenide (GaAs) epilayers with unprecedented purity levels. The grown GaAs
quantum-well epilayers have only one residual impurity for every 1010 Ga/As atoms
or the impurity density equivalent of 1x1013 cm-3 with ultra-high mobility of 44x106
V-1s-1 [24].
With the mentioned conditions provided, evaporated molecules/atoms hit the
substrate without interacting with other molecules on their way as if they were laser
beams. During the growth, careful temperature manipulations should be made by
observing the RHEED pattern to provide the optimum growth conditions. Typical
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growth conditions provide a rate of ~1 𝜇m/hour of epilayer growth. The effusion
cell shutters switch approximately 0.1 seconds, much shorter than growing a
monolayer (typically 1-5 s). Thus, MBE enables the growth of detectors with very
thin epilayer structures, such as quantum-well infrared detectors, barrier type (nBn)
detectors, and type-II superlattice detectors. The grown epilayer structure for this
thesis work is provided in figure 3.5.

Figure 3.5. MBE grown epilayer of the photodetector.
InxGa1-xAs with a mole fraction of x=0.53 epilayer is lattice-matched to the InP
substrate. This property of In0.53Ga0.47As enables the growth of high-quality
photodetector epilayers with a cut-off wavelength of 1.69 𝜇m. For the ohmic n and
p contacts, epilayers with doping densities of 1018 cm-3 were grown with impurity
dopants Silicon (Si) and Beryllium (Be). The Si-doped absorber layer with 3 𝜇m
thickness and doping density of 5x1016 cm-3 was grown and optimized for the SWIR
applications in Quantum Devices and Nanophotonics Research Laboratory
(KANAL).

3.2.2

Processing of Test Detector

Processing of the test detector includes all of the steps after the material growth, up
to device measurements. Various microfabrication steps are followed, with a total of
five different photolithography masks are used for this test detector fabrication; an
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additional photolithography mask is needed for if one wants to have a complete FPA
process.

Figure 3.6. 𝜇PG 501 – Direct Writer system made by Heidelberg Instruments.
METU - Quantum Devices and Nanophotonics Research Laboratory.
Heidelberg 𝜇PG 501 – Direct Writer system was used to expose desired patterns
using various AZ-series photoresists. A photo of the direct writer is included in figure
3.6. Univex–Leybold Thermal Evaporator system was used for metal coatings. Mesa
etching was done with wet etching techniques using a Br-based acid solution. The
simplified process flow is given in figure 3.7.
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Figure 3.7. Simplified process flow of the fabrication. Given colors representing
gold: contacts, violet: passivation, brown: substrate, blue/green: epilayers.
First, the alignment marks are defined, than the pattern is etched on the sample with
wet etching, using a Br-based solution. Next, p-contacts are defined, and
Titanium/Gold (Ti/Au) metal layer is deposited with the thermal evaporator and
lifted off using a negative AZ-nLoff photoresist. Mesa etching of ~3.5 – 4.0 𝜇m
thickness was etched with 30 𝜇m pitch length, and an insulating layer with a
thickness of ~800 nm was spin-coated. A scanning-electron-microscope (SEM)
image of a sample after mesa etching is given in figure 3.8.
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Figure 3.8. Scanning-electron-microscope (SEM) image of a sample after the mesa
etching.
The pattern of Surface-Gate, Ground (n-contact), and metal pads for measurement
are defined after passivation layer openings, and a Ti/Au metal layer is deposited
using the thermal evaporator system. A snapshot of the processed test detector under
the optical microscope is shown in figure 3.9.
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Figure 3.9. Detector image under an optical microscope with 100x zoom. Metal paths
of surface-gate contact (yellow) and p-contact (red) are marked with dashed lines.
After completing the microfabrication processes at the cleanroom, the detector was
attached to an alumina base with a thermally conductive compound. At this point,
the detector is ready to be measured after wire bonding. The snapshots of the last
mask layer used in microfabrication and the final detector under an optical
microscope are given in figure 3.10 and figure 3.11, respectively.
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Figure 3.10. The last metal mask was used in the SWIR photodetector process.
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Figure 3.11. Snapshot of the final detector under an optical microscope with 5x
zoom.

3.3

Test Detector Characterization and Modelling

The listed figure of merits in chapter 1 is investigated to inspect the detector’s
performance. The dark current is one of the critical parameters determining the
detector’s performance. The lower dark current results in a higher signal-to-noise
ratio, given that noise of the detector is in the sensible ranges. Responsivity and
quantum efficiency are also important parameters for verifying the detector’s
operation; however, it mainly depends on design parameters such as active layer
thickness and mole fraction (x) of compound materials reasonably controllable with
the given growth settings. On the other hand, the dark current of a photodetector is
determined with controllable parameters such as doping densities and relatively less
controllable parameters depending on non-ideal growth conditions (which is
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inevitable) and effects of the processing of the detector. Moreover, the noise of the
detector and the effect on detectivity is discussed in this chapter.
Please note that the purpose of this work is to verify the proposed method; thus, the
performance parameters are reviewed as relative performance improvements rather
than ultimately attaining to the state of the are performance.

3.3.1

Responsivity and Quantum Efficiency Measurement

Responsivity/quantum efficiency measurement was made to verify the detector
operation. The measurement setup is illustrated in figure 3.12.

Figure 3.12. Responsivity measurement setup (top) and representative schematic
(bottom).
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The responsivity measurement setup consists of a monochromator, a lock-in
amplifier, and a computer to control the instruments. The monochromator is a
mechanical device that controls the output wavelength via moving/rotating the
gratings inside. Furthermore, the exiting wavelength is modulated with a chopper, a
rotating circular plate with openings to excite the photodetector. This creates an
amplitude modulation on the incoming photons. The detector is connected to a low
noise transconductance preamplifier to convert the output signal to voltage. The
resultant voltage variation is resolved using a lock-in amplifier.
Test detector placed on alumina base is measured with the given setup. Illumination
is provided from the substrate side of the detector.
The measured raw data merely correlates the responsivity with the measured voltage
output. A calibrated Indium-Arsenide (InAs) photodetector made by Teledyne
Judson Technologies is measured as a reference detector to convert the raw data to
actual responsivity. With the known responsivity of the reference detector, the raw
data is converted to the actual responsivity of the photodetector. Moreover,
additional correction terms should be applied to this measurement to get the actual
responsivity spectrum.
Such correction terms include; diffusion length, equivalent active area (due to
processing), Fresnel reflections from the substrate, and the filtering effect of the
alumina base. Due to the diffusion length of the material, carriers generated outside
the measured pixels are swept to the contacts with applied bias, increasing the
effective measured pixel area. In contrast, the employed wet etching technique
decreases the active pixel area. The diffusion length is estimated to be ~32–34 𝜇m
with the photocurrent I-V measurements of different area test pixels, and the
effective pixel size is measured ~26 𝜇m with an optical microscope. The effect of
Fresnel reflection can be understood with equations 1.13 and 1.15, which are caused
by the refractive index mismatch. The transmission of the alumina base is measured
with additional measurements using the reference detector. The responsivity of the
detector is given in figure 3.13.
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Figure 3.13. The responsivity of the photodetector. The sample is illuminated from
the backside. InP substrate with a thickness of 800 𝜇m was not thinned down.
Calibrated InAs detector is used as a reference detector.

3.3.2

Dark Current Measurements and Modelling

I-V measurements are made by sweeping p-n junction terminal voltages for varying
surface-gate voltages. As it is illustrated in figure 3.3, the surface-gate terminal is
connected to the (+) bias, the n-contact terminal to ground (GND), and the p-contact
terminal to (-) bias. The measurement result at 300 K temperature is given in figure
3.14. It is observed that photocurrent does not change for different applied surfacegate voltages for constant arbitrary illumination. Assuming the MOS structure as a
parallel plate capacitor, applied voltage per insulator layer thickness is given with
the unit of V/𝜇m for convenience; since it is highly dependent on insulator layer
thickness.
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Figure 3.14. Dark current IV graph for various surface-gate biases with pn-junction
terminal biasing voltage swept from -1 to 0.6 V at 300 K.
The effect of surface-gate biasing on the IV measurement can be observed in above
figure 3.16. The dark current is 176 pA at -0.1 V with zero surface-gate biasing
condition. Whereas for 52.5 V/𝜇m surface-gate biasing, the dark current of a pixel is
decreased to 71 pA at -0.1 V. This result suggests an improvement of ~2.5 times in
the dark current of the photodetector at 300 K temperature. For an arbitrary
illumination, photocurrent (total measured illuminated current minus the dark
current) is observed to be constant with changing surface-gate biasing; therefore,
only a single illuminated measurement is included for the readability of the figure.
Furthermore, the effect of the active surface passivation gradually diminishes for
increased surface-gate voltages. To be more explicit, for 30 V/𝜇m surface-gate
biasing, the dark current is measured 86 pA at -0.1 V further decreased marginally
for 52.5 V/𝜇m surface-gate biasing to 71 pA. Saturating dark current for higher
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surface-gate biasing may indicate that the effect of the active surface passivation acts
on a particular dark current mechanism rather than simultaneously affecting all dark
current mechanisms. In other words, by suppressing some particular dark current
mechanism, other dark current mechanisms become dominant. It is further studied
by dark current modeling.

Figure 3.15. Dark current IV graph for various surface-gate biases with pn-junction
terminal biasing voltage swept from -1 to 0.4 V at mild room temperature.
The dark current IV measurement at the mild room temperature is given in above
figure 3.15. Similar to the 300 K case, a decrease in the dark current is observed with
inducing surface-gate biasing. 173 pA per pixel is measured for zero surface-gate
bias with -0.1 V pn-junction biasing. Dark current is decreased to 40 pA per pixel
for 30 V/𝜇m surface-gate bias, which indicates more than four times improvement
in the dark current of the photodetector. Similar to the previous case, saturation effect
is observed in dark current with increasing surface-gate biasing; namely, 46 pA for
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26.25 V/𝜇m surface-gate bias, 40 pA for 30 V/𝜇m surface-gate bias where the rate
of change in dark current is much lower compared to the lower surface-gate bias
voltages.
Additionally, one can argue that the slope of the reverse saturation current changes
with inducing different surface-gate biases at higher reverse terminal biasing. It may
indicate that the trap-assisted tunneling (TAT) current becomes dominant due to
suppressing other dark current mechanisms. These claims are investigated via
modeling the dark current mechanisms.
In order to model the dark currents given by figures 3.14 and 3.15, the following
equations can be used:
𝐼𝑑𝑖𝑓𝑓 = 𝐶𝑑𝑖𝑓𝑓 (𝑒 𝑞𝑉/𝑘𝐵 𝑇 − 1),

(3.13)

𝑞𝑉

𝐼𝑔−𝑟 = 𝐶𝑔−𝑟 √𝑉𝑏𝑖 − 𝑉 (𝑒 2𝑘𝐵 𝑇 − 1),
𝐼𝑠ℎ𝑢𝑛𝑡 = 𝐶𝑠ℎ𝑢𝑛𝑡 𝑉.

(3.14)
(3.15)

𝐶𝑑𝑖𝑓𝑓 , 𝐶𝑔−𝑟 and 𝐶𝑠ℎ𝑢𝑛𝑡 parameters defined in equations 3.13, 3.14, and 3.15 are
obtained by replacing the non-voltage dependant parameters given in equations 1.13,
1.18, and 1.21. These parameters can be found by using a curve-fitting algorithm.
While doing the curve-fitting, the important point is administering the parameters to
have meaningful results. The curve-fitting algorithm tends to be stuck at the local
minima if one gives full control to the algorithm over the parameters. Although
defining reasonable ranges for the parameters is enough most of the time, it may still
get stuck to the limits of the ranges. Another point is to watch over whether to do
over-parametrization or under-parametrization. Iteratively managing the parameters
is the best way to keep the algorithm in check, and visual aid of the fitted functions
is also helpful.
As a rule of thumb, the decision to include a parameter is made if included parameter
improves the fit quality by at least 10%. Most algorithms employ the mean-square
error rate (R2) to determine the fit quality. These algorithms generally converge by
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reaching a desired R2 value or simply diverge. If it diverges, the scenario is very
likely that either the defined functions are not good enough to determine the
characteristic of the input or the defined ranges of the parameters are not valid. The
dark current modeling of the experimental results is carried out diligently
considering these points.

Figure 3.16. IV modeling of the experimental result for zero surface-gate biasing
case at 300 K.

The dark current modeling for the zero surface-gate biasing at 300 K is given in
figure 3.16. It can be observed that the device characteristic is limited to GR current
up to -0.2 V and to shunt current for the rest. The detailed fitting parameters are given
in table 3.2.
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Figure 3.17. IV modeling of the experimental result for 54 V/𝜇m surface-gate biasing
at 300 K.

The dark current modeling of the experimental data of 54 V/𝜇m applied surface-gate
bias at 300 K is provided in above figure 3.17. It is observed that the dominant
mechanism is diffusion current up to -0.2 V bias and shunt current for the rest. It can
be seen that GR current is decreased from 94 pA in zero surface-gate biasing case to
8.6 pA in 54 V/𝜇m surface-gate bias at 0.1 V reverse biasing of pn-junction by
comparing the figures 3.13 and 3.14. Similarly, the shunt current decreases from 55
pA to 20 pA, whereas the diffusion current stays constant.
It should also be noted that the fitted curve starts diverging after -0.7 V bias due to
trap-assisted tunneling (TAT) becoming dominant in that region. It can be said that
inducing high enough surface-gate biasing, the device characteristic is determined

54

with the diffusion current at the -0.1 V operating voltage, which is desirable since
the diffusion current is an unavoidable dark current component.

Figure 3.18. IV modeling of the experimental result for zero surface-gate biasing
case at mild room temperature.
Modeled dark current components for the experimental measurement at mild room
temperature with zero surface-gate biasing is given in figure 3.18. Observed device
characteristic is limited with the GR component of the dark current. The reported GR
current is 128 pA, and the shunt current is 21 pA at -0.1 V biasing. Divergence from
the measured IV due to the TAT is observed around -1 V vaguely.
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Figure 3.19. IV modeling of the experimental result for 30 V/𝜇m surface-gate biasing
at mild room temperature.
With inducing high enough surface-gate biasing at mild room temperature, the
modeled IV graph is given in figure 3.19. It is observed that the GR component of
the dark current is in the order of error margin, which is said to be a bulk GR
component. The error margin is expected to be ten times smaller than the reported
diffusion current. Thus, the GR current parameter is not included in this modeling,
since the fit quality does not change. The device characteristic is dominated by the
diffusion current up to -0.14 V and by the shunt current for the rest. The reported
shunt current is 17 pA at -0.1 V.
From figures 3.16 and 3.17, the GR current is reduced significantly by inducing high
enough surface-gate bias voltage, numerically 128 pA to an error margin of ~1 pA.
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Overall, the total dark current is decreased by roughly 2.5 times at room temperature
and more than 4 times at mild room temperature. This result can be explained by the
temperature dependence difference of dark current components.
Intrinsic carrier concentration is known to be highly temperature-dependent. The
diffusion current is proportional with the 𝑛𝑖2 , whereas the GR current is proportional
with the 𝑛𝑖 . It is shown that the GR current is decreased by more than 90% for both
cases of different temperatures. It is expected that under a lower environment
temperature and with high enough surface-gate biasing, the total dark current must
decrease more for the lower temperature case. Therefore, the improvement in the
total dark current is expected to be higher for the lower temperature by further
suppressing the GR current via surface-gate biasing, which is the case.

3.3.3

Differential Resistance and Shunt Resistance

Differential resistance is an important parameter determining the performance of a
photodetector. One of the figures of merits: specific detectivity is highly dependent
on the noise current of the photodetector. Mainly two dominant noise sources; shot
and Johnson noise are crucial while determining the specific detectivity of the SWIR
photodetector. The generated photocurrent is expected to be lower than the dark
current of the photodetector. Therefore, shot noise is determined with the dark
current of the photodetector. In order to calculate Johnson noise, dynamic resistance
can be extracted with the following equation 3.16.

𝑅𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =

𝑑𝑉 ΔV
=
𝑑𝐼
ΔI
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(3.16)

Figure 3.20. Calculated dynamic resistance with given applied surface-gate biasing
at 300 K.
Calculated dynamic resistance with equation 3.16 at 300 K is given in figure 3.20.
The dynamic resistance of the photodetector is improved 3 times at -0.1 V with
inducing a high enough surface-gate bias of 42.5 V/𝜇m. Assuming the noise of the
photodetector is limited with the Johnson current, this will translate to √3 times
improvement to the specific detectivity.
Additionally, for the case of shot noise is limited with the dark current, and given
that it is comparable with the Johnson current, the specific detectivity will improve
with the mean sum of Johnson and shot noise currents.
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Figure 3.21. Calculated dynamic resistance with given applied surface-gate biasing
at mild room temperature.
Dynamic resistance deduced from the dark current measurements is given in figure
3.21 at the mild room temperature case. Similar to the 300 K case, the calculated
dynamic resistance is 3 times higher from the zero surface-gate bias at -0.1 V. The
zero-bias differential resistance is improved more than 5 times from 0.15 GΩ to
0.78 GΩ.
The insulator (passivation) layer is expected to form an inversion layer on the
surface, as shown in figure 3.1. For energy band-bending of 𝑒𝜙𝑠 the surface electron
density is approximated as follows:
𝑛𝑠 = 𝑁𝑑 𝑒 −𝑞𝜙𝑠 /𝑘𝑡

59

(3.17)

Inducing surface-gate voltage results in energy bending on the surface [49]. For the
accumulation mode of the MOS capacitor, electron density at the surface is defined
by manipulating equation 3.17:
𝑛𝑠 = 𝑁𝑑 𝑒 −𝑞(𝜙𝑠 −𝑉𝑠 )/𝑘𝑡 = 𝑁𝑑 𝑒 −𝑞𝜙𝑠 /𝑘𝑡 𝑒 𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (3.18)
𝑉𝑠 is equivalent band-bending at the surface due to the applied surface-gate voltage.
It is estimated using applied surface-gate biasing (𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 ) and charge
generation lifetime (𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) at the surface. It is further simplified by denoting
constant parameters 𝐶𝑠 . Thus, the surface-gate dependent surface charge density is:
𝑛𝑠 (𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 ) = 𝐶𝑠 𝑒 𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(3.19)

It can be inferred from equation 3.3 that the shunt resistance is inversely proportional
to the surface charge density. Thus, the channel resistance at the surface is:
𝑅 ∝

1
→ 𝑅𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑉) = 𝑅𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒 −𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (3.20)
𝑛𝑠

𝑅𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 corresponds channel resistance of the pixel with zero surface-gate
biasing. The total shunt resistance in terms of channel resistance and bulk resistance:
𝑅𝑠ℎ𝑢𝑛𝑡,𝑒𝑓𝑓 = 𝑅𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 // 𝑅𝑠ℎ𝑢𝑛𝑡−𝑏𝑢𝑙𝑘
𝑅𝑠ℎ𝑢𝑛𝑡,𝑒𝑓𝑓 =

𝑅𝑠ℎ𝑢𝑛𝑡−𝑏𝑢𝑙𝑘 𝐶𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒 −𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑅𝑠ℎ𝑢𝑛𝑡−𝑏𝑢𝑙𝑘 + 𝐶𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒 −𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(3.21)
(3.22)

Fitting results of the effective shunt resistance for changing surface-gate bias voltage
at 300 K are given in figure 3.22.
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Figure 3.22. Calculated shunt resistances (black box) and fitting (red line) for various
surface-gate biasing at 300 K temperature.
The surface and the bulk component of the shunt resistance is further estimated by
fitting the effective shunt resistance data with equation 3.22. The resultant shunt
expressions of the device are:

𝑅𝑠ℎ𝑢𝑛𝑡,𝑒𝑓𝑓 =

5.36 ∗ 2.98 ∗ 𝑒

−

5.36 + 2.98 ∗ 𝑒
𝑅𝑠ℎ𝑢𝑛𝑡−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 2.98 𝑒

𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒
26.2±1.7

−

−

𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒
26.2±1.7

𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒
26.2±1.7

𝑅𝑠ℎ𝑢𝑛𝑡−𝑏𝑢𝑙𝑘 = 5.36 𝐺Ω
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(𝐺Ω)

𝐺Ω

(3.23)

(3.24)
(3.25)

3.3.4

Specific Detectivity and Effective GR Lifetime

Specific detectivity is one of the figures of merits discussed in chapter 1. Assuming
that the photocurrent is much lower than the dark current, shot noise can be estimated
with the dark current. The specific detectivity is expressed using equations 1.28,
1.31, and 1.34:
𝐷∗ =

√𝐴𝑑 Δ𝑓
𝑅𝑖 =
𝑖𝑛

√𝐴𝑑 Δ𝑓
2
√(𝑖𝑛,𝑠ℎ𝑜𝑡

+

2
𝑖𝑛,𝐽𝑜ℎ𝑛𝑠𝑜𝑛
)

√𝐴𝑑 Δ𝑓

𝐷∗ =

𝑐𝑚√𝐻𝑧
(
)
𝑊𝑎𝑡𝑡

𝑅𝑖 ,

√𝐴𝑑

𝑅𝑖 =

4𝑘 𝑇Δ𝑓
√2𝑞𝐼𝑡𝑜𝑡 Δ𝑓 + 𝑅𝐵
𝑑𝑖𝑓𝑓

(3.26)

(3.27)

𝑅𝑖 .

4𝑘 𝑇
√2𝑞𝐼𝑑𝑎𝑟𝑘 + 𝑅 𝐵
𝑑𝑖𝑓𝑓

Plugging experimental data to equation 3.27, specific detectivity at mild room
temperature is calculated in table 3.1.
Table 3.1 Calculated figure of merits at mild room temperature. The peak
responsivity of 0.9 A/W at 1630 nm wavelength is used.
Dark Current

Diff. Resistance

Peak D*

QE

(𝜇A/cm-2)

@ -0.1 V (𝐺Ω)

(cm.Hz1/2W-1)

(%)

0

4.27

0.93

4.96x1011
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30 V/𝜇m

0.96

3.10

1x1012

70

Surface-Gate
Bias

The calculated effective GR lifetime at 300 K is given in figure 3.23. Effective GR
lifetime is extracted from the experimental results, similar to the figures 3.14-17. The
data used is shared in table 3.2.
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Figure 3.23. Calculated effective GR lifetime for various applied surface-gate
voltages at 300 K.
It is observed that the effective GR lifetime (𝜏𝑔𝑟,𝑒𝑓𝑓 ) equals to 0.6 𝜇s with zero
surface biasing. 𝜏𝑔𝑟,𝑒𝑓𝑓 is improved 30 times to 20 𝜇s with inducing surface-gate
biasing of 48.75 V/𝜇m.
The complete analysis of the GR recombination at the surface is complicated. Let us
assume a simple recombination process with a low-level excitation. The
recombination lifetime is inversely proportional to surface charge densities [50].
Therefore, voltage-dependent surface GR lifetime is defined with the surface charge
dependency denoted by equations 3.17-19. The voltage-dependent surface GR
lifetime:
𝜏𝑔𝑟−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑉) =

𝐶𝑠𝑠
(𝑛0 𝑒

𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
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+ 𝑝0 𝑒 −𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 /𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 )

(3.28)

The effective GR lifetime is:
1
𝜏𝑔𝑟−𝑒𝑓𝑓

=

1
𝜏𝑔𝑟−𝑠𝑢𝑟𝑓𝑎𝑐𝑒

+

1

(3.29)

𝜏𝑔𝑟−𝑏𝑢𝑙𝑘

The equations given in 3.29 and 3.30 are used to fit the estimated effective GR
lifetime in figure 3.23. The effective surface GR lifetime in figure 3.23 is expressed:
𝜏𝑔𝑟−𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒 ) = 3𝑒

𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑔𝑎𝑡𝑒
24.3±0.7

(3.30)

− 2.3 𝜇𝑠.

Notice that the rate of change of the shunt resistance and the surface GR lifetime can
be said to be equal with given error margins. Thus, both improvements in GR and
shunt currents are explained with the same mechanism.
Table 3.2 Details of the fitting parameters for the measurement made at 300 K.
(C1: Cdiff, C2: Cg-r, C3: Cshunt denoted by equations 3.13-15.)
Fit R2

SurfaceGate Bias

C1

C2

C3

V/𝝁m

A
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11
4.20E-11

A
1.18E-10
6.23E-11
4.31E-11
3.31E-11
2.28E-11
1.72E-11
1.30E-11
9.20E-12
8.05E-12
9.67E-12
2.40E-12
2.39E-12
3.99E-12
3.63E-12
7.68E-12
7.56E-12

S
5.23E-10
4.75E-10
4.40E-10
4.03E-10
3.81E-10
3.52E-10
3.29E-10
3.11E-10
2.91E-10
2.75E-10
2.72E-10
2.59E-10
2.49E-10
2.41E-10
2.33E-10
2.30E-10

0
3.75
7.5
11.25
15
18.75
22.5
26.25
30
33.75
37.5
41.25
45
48.75
52.5
54
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0.994
0.999
0.999
0.993
0.999
0.998
0.993
0.995
0.996
0.996
0.99
0.98
0.995
0.98
0.98
0.994

1/C3

𝝉𝒈𝒓−𝒆𝒇𝒇

Ω

𝜇𝑠

1.91E+09
2.11E+09
2.27E+09
2.48E+09
2.63E+09
2.84E+09
3.04E+09
3.22E+09
3.43E+09
3.64E+09
3.68E+09
3.86E+09
4.02E+09
4.15E+09
4.29E+09
4.35E+09

0.61437
1.1599
1.67672
2.18608
3.16608
4.19717
5.57485
7.85155
8.97627
7.47311
30.10417
30.23013
18.10777
19.90358
9.40755
9.55688

CHAPTER 4

4

CONCLUSION

This thesis provides a novel method for decreasing the surface leakage current of an
infrared detector. The surface-GR dark current component is suppressed via applying
a constant E-field through an insulating layer to the surface of the detector – a similar
approach to MOS Field-Effect Transistors where the channel formation is controlled
with applied surface-gate biasing voltage. On the contrary to the typical strong
inversion operation of MOSFETs, channel formation is restrained via applying a
constant electric field to form an accumulation layer on the surface.
Lattice-matched InGaAs SWIR photodetectors are commonly used in SWIR
photodetector technologies. Planar type InGaAs SWIR detectors are widely used in
various applications because the maturity of InGaAs technology provides the
ultimate performance for a SWIR application with a cut-off wavelength of 1.69 𝜇m.
A lattice-matched InGaAs grown on an InP substrate is processed to prove the
proposed concept. Rather than achieving the ultimate performance, this thesis
focused on the feasibility of the proposed structure.
Mesa etched photodetector is investigated by employing the common metrics in this
field. It is observed that the dark current of the photodetector improved as high as 3
times at the 300 K temperature with introducing surface-gate biasing. Additionally,
the dark current of the photodetector is observed to be 4 times smaller than the zerobiased surface-gate case at the mild room temperature, comparing figures 3.16 and
3.17 at -0.1 V. The source of this improvement is investigated with dark current
modeling. The methodology for this modeling is explained previously, and the
reported improvement determined to be in the GR and shunt components of the dark
current.
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More than 90% of the GR current is suppressed at 300 K. Additionally; GR current
is decreased to insignificant levels; even the inclusion of the GR current parameter
became redundant at the mild room temperature measurements. Relatively more
minor improvements (by a factor of 2) are reported for the shunt component of the
dark current. The effect of this mechanism is said to have little to no effect on the
diffusion component of the dark current; also, the photocurrent of the photodetector
is observed to be not affected by surface-gate biasing. Slight improvement on the
other figure of merits is also investigated, and it is found that the differential
resistance of the photodetector is increased by a factor of 3 at a relatively lower
reverse bias. Assuming that the detector noise is limited with the Johnson and shot
noise, the specific detectivity is estimated in table 3.1. This result means
improvement of the specific detectivity due to improvements in the total dark current
and the differential resistance.
Overall, the expected results overlap with the experimental results as the source of
the dark current is the GR current and the expected resistance improvement with the
literature. This approach could also be useful for other photodetector structures such
as nBn and depletion passivation [51-54], which could be utilized in combination
with a variety of fields such as integrated photonics [55-58] and optomechanics [5961].
The viability of the proposed solution is also important. In order to implement this
technique to an FPA, applied surface-gate bias should be in the range of typical
ROIC supply voltages. The applied surface-gate bias is inversely proportional to the
insulator thickness. Thus, the given thickness of 800 nm insulating layer is the
biggest obstacle to achieving a good enough improvement for FPA-ROIC coupled
detectors. The thickness of the insulating layer can easily be decreased via coating
or depositing various types of insulators with lower thickness. In this sense, this
obstacle seems not a big issue at all. On the other hand, to reach the state-of-the-art
level of performance, insulator layer should be optimized, the processing of the
photodetector should be made more cautiously.
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The obtained performance of the SWIR InGaAs photodetectors in literature has
reached a somewhat saturation level. This method might push the performance of
the mesa type photodetectors detectors by decreasing the GR current. This method
can be adopted to dual-color InGaAs SWIR detectors and various other types of
detectors, which can better utilize of the performance by a higher margin. Adopting
this method for the extended SWIR photodetectors may result in more penetrating
extended SWIR photodetectors to the market.
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