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Abstract

X-ray radiation is a key centerpiece of medical imaging. However, X-rays are a form
of ionizing radiation, which is dangerous for living organisms. Young patients are at a
higher risk as they have rapidly dividing cells. Clearly, these imaging modalities have
to be used with limitation. Radiologists recognize the risks and provide guidelines
for the maximum exposure. Nevertheless, a further improvement is to reduce the
intensity used in the imaging process, which is possible if the detector is sensitive
enough to capture the reduced number of X-rays. Thus, the requirement is an ultra-
sensitive X-ray detector, and we proposed that a photo-detector based on amorphous
Se superlattices can be used to detect X-ray photons at high sensitivity.

Amorphous Se superlattice structures were fabricated on Si and Ge substrates using
thermal rotational evaporation. The resulting samples were characterized using Time
of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS), revealing the multi-nanolayer
structure. Ultraviolet Photoelectron Spectroscopy (UPS) was used to investigate the
Fermi level in Se. Using Raman Spectroscopy, the amorphous nature of the materi-
als in the superlattice structure was confirmed. Spectroscopic Ellipsometry revealed
quantum confinement in the superlattice structure. Using Deep Level Transient Fourier
Spectroscopy (DLTFS) the trap energy levels in the individual materials, and the re-
sulting modulation of energy levels due to the superlattice structure was observed.
Current-Voltage (I-V) measurements revealed oscillations in the characteristics, a fea-
ture associated with superlattices.

From the experiments on superlattices, photo-detectors using Si as absorbing ma-
terial, and superlattice Se as multiplier, were fabricated. The total thickness of the
superlattices, was varied into 200 nm and 2 µm. Each type of detector was charac-
terized using I-V, and Current-Time (I-T) measurements. The results were then used
to evaluate the detector multiplication gain, showing that the gain depends on the
number of layers. We could then show that the performance of the device could be
engineered depending on the application by selectively varying the number of layers.

Towards X-ray detection, photo-detectors using Ge as absorbing material, and su-
perlattice amorphous Se as multiplier, were fabricated and characterized. The results
showed successful detection of X-rays and a responsivity comparable to other detectors
in recent reports.

The results show a promising sensitive detector which may improve safety, allow-
ing use of X-ray imaging during pregnancy, and on children without severe concerns.
Additionally, such a system will open opportunities for innovation in X-ray imaging
such as real-time imaging and automatic exposure (AE) control. Overall, this type of
detector promises significant evolution in X-ray imaging.



;B:­(;Ï(Medical imaging)n®qkJDf�XÚ(X-ray)oÍ�jyr�
�_WfD��WKW�ûâ>�Ún�.gB�XÚnºSxng�koê¹¯L
4D�0Þ�ÂL;zjs|P{iê¹¯oØ~��]��H�XÚk��;Ï®
qk6PLB��>�Úf�oSnê¹¯��~H��'«�Ïk¢Y�¬¤É
é¤ó�:WfD��WKWjL��ê¹¯nïý'o;Ï�×í»¹gnXÚ7
¦�N�Y�Shg'MO�H����SnSho�N�U�_ÚÏnXÚ�I
H�nkA�j�¦�	Y��úh�(D�Shgïýhj���Ø�¦XÚ�
úh(Ultra-Sensitive X-ray Detector)hWf��<P¢âëÕ¡¹Se(Amorphous Se
superlattice structure)Ùü¹nI�úh�(D�Shg�XÚIPn�Ø�¦�ú
LïýgB�Sh�Ð:W_�
·ê³óJ�s²ëÞË¦àú�k�<P¢âëÕ¡¹Se�\ýY�_�k�

�zÞâ¸@Õ�(D_�ÛLB���!¤ªóêÏ��Õ(TOF-SIMS)�(Df
Ë ã��Lc_hS��\ýW_f�oÊÎáüÈëªüÀün�d�Ë k
jcfD�Sh���KkW_�+�ÚIûP�IÕ(UPS)�(D_,�gSenÕ
§ëß�M��éÞó�IÕg�<PË -niêL^vêgB�Sh��I¨
ê×½áÈêüg�<PË -kÏP�X¼�LB�Sh���KkW_�~_�
DLTFSÕ(Deep Level Transient Fourier Spectroscopy)o�
�i� ek�cfÐ
óÉ®ãÃ×-k\��_­ãê¢�UrY�¨Íë®ü�ML��<PË g
o	¿WfD�Sh�:W_�U�k�ûAû',�(I-V)K���<Pk4Fû
An/Õþa�³,W_�
�<P¢âëÕ¡¹SeÙü¹nI�úhn��go�·ê³ó�I8ÎP�h

W��<PSe�­ãê¢n�
dhW_��<P��n�Uo200nmh2¼mn�
.^�(�W_�]�^�n�úhny'U¡ko�I-VhûAB�,�(I-T)�
(D_����_P�K��úhn�
)��U¡W_hS��)�odnpk
�XWfD�Sh���KkW_�SnShK��dnp�x��k	�U[�
Shg�(�kÜX_ÇÐ¤¹n'ý�-�Y�ShLïýgB�ShL:U�
_�

XÚ�úk�Qf�XÚ8ÎP�hWf²ëÞË¦à�(D��<P¢âëÕ
¡¹Se�­ãê¢n�
dhW_I�úh�\ýW�y'U¡�Ljc_�]n
P��XÚn�úk��W��¦o�þ(1JU�fD�Ön�úhhÔ�Wf�
\rnjD$gB�Sh�:W_�
å
nP�����<P¢âëÕ¡¹SeÙü¹n�Ø�¦I�úho�� -

nÎPJ�ss|PkþWfnXÚ®qL�_�Yqÿ�UíW�Kd�h'L�

Y�ShLgM�Ø�¦I�úhgB�Sh�:W_�U�k�,�úhoê
¢ë¿¤àgn;Ï��êÕ2ú_Ë(AEC)ji�ïýhW�XÚ;Ïæ�k'M
ji°��_�YShkj���cf�,�vg�zW_�úhoXÚ;Ï®qk
'Mj2���_�YSh��_Y��ngB��



Acknowledgements

I would like to take this opportunity to thank the following people for their contribu-
tions to my research:

Prof. Ken Okano for the opportunity and mentorship. I appreciate his valuable
guidance, timely insights and encouragement throughout my graduate studies at In-
ternational Christian University (ICU).

Dr. Ichitaro Saito, Dr. Tomoaki Masuzawa, Dr. Takatoshi Yamada for their kind
and patient assistance with many experiments, manuscript preparation and reviews.

Research advisors Prof. Wanjae and Prof. Kubo for the mentorship, guidance and
reviews of this work.

Prof. Dr. D. R. T. Zahn of Chemnitz University of Technology and his team for
welcoming me to visit their labs, access facilities, and for cooperating in the research
work.

Prof. D. H. C. Chua of National University of Singapore for his insights and reviews.
Coauthors and friends, Dr. A. Sharma and Dr. S. Okano for their awesome contri-

butions my research, and in general.
ICU Okano lab members Mr. Tsuzaki, Mr. Enomoto, Ms. Tanaka, Mr. Miyachi

and Mr. Nishimoto for all their assistance and interesting experiences we shared at the
lab.

ICU Graduate school staff for their consistent guidance in the course.
President Ito of Eiwa Bussan and his team for their great support.
The Mutendas for their anchoring support.
I am especially grateful to my parents and brothers for their support and patience.

Thanks also to my friends who have always been there, providing emotional and spiri-
tual support all the way through this course.



Contents

Abstract

Contents iv

1 Introduction 1

1.1 Photo-detectors based on amorphous Se . . . . . . . . . . . . . . . . . 3

1.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.2 Absorption of X-ray photons in amorphous Se . . . . . . . . . . 5

1.1.3 Multiplication of charge carriers in amorphous Se . . . . . . . . 8

2 Material fabrication and characterization 21

2.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Time Of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) . . . . 24

2.3 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Energy level structure of Se, As2Se3 and superlattice amorphous Se 33

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Optical properties of Se, As2Se3 and superlattice amorphous Se 49

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Optical and electrical band gap . . . . . . . . . . . . . . . . . . . . . . 60

ii



4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Transport properties of superlattice amorphous Se 68

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6 Quantum device designing for future semiconductor engineering 86

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.2 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3.1 n-type Si substrate preparation . . . . . . . . . . . . . . . . . . 93

6.3.2 Rotational evaporation . . . . . . . . . . . . . . . . . . . . . . . 93

6.3.3 Current-voltage (I-V ) and current-time (I-T ) measurements . . 94

6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7 X-ray detector device based on the amorphous Selenium superlattice113

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.2.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.2.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

8 Conclusion 131

A Superlattice theory 136

A.1 Superlattice theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

iii



A.1.1 The Kronig-Penney model . . . . . . . . . . . . . . . . . . . . . 138

B Deep Level Transient Fourier Spectroscopy (DLTFS) 153

B.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

B.1.1 Fourier transform of the transient . . . . . . . . . . . . . . . . . 158

C Spectroscopic Ellipsometry 161

C.1 Spectroscopic Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . 162

C.2 B-Spline model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

C.3 Lorentz model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

C.4 Cody-Lorentz model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

D Radiation detection 169

D.1 Radiation interaction with matter . . . . . . . . . . . . . . . . . . . . . 170

D.1.1 Radiation-generated charge . . . . . . . . . . . . . . . . . . . . 175

D.2 Solid state detector materials . . . . . . . . . . . . . . . . . . . . . . . 175

D.2.1 Solid state scintillators . . . . . . . . . . . . . . . . . . . . . . . 175

D.2.2 Conventional materials: Silicon and Germanium . . . . . . . . 178

D.2.3 Amorphous Selenium and other new materials . . . . . . . . . . 180

D.2.4 Perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

iv



Chapter 1

Introduction

1



X-ray radiation has been the centerpiece of medical diagnostic imaging since the

discovery by Roentgen in 1895. Many useful imaging modalities such as Computed

Tomography (CT) and fluoroscopy have been innovated based on X-ray. These imag-

ing modalities have become indispensable to modern medicine. X-ray based imaging

is preferred because it is non-invasive and provides detailed information for surgical

planning and for guiding interventional procedures such as placing of devices into the

body.

However, a critical challenge to using X-rays is that they have energy that is high

enough to remove electrons from atoms, leaving the atom in a charged state called an

ion. As such, X-rays are classified as ionizing radiation. This ionization is particularly

dangerous if it happens in atoms that make up living organisms [1]. Clearly there are

some risks involved in using X-rays on patients.

Infants and young patients are at an even higher risk. Growing children have

rapidly dividing cells in which DNA metabolism is very active [2]. Their DNA is at

a high risk of getting damaged by ionizing radiation, which increases the chances of

cancer. Children also have cells with a higher water content, and given the roughly

cylindrical volume of the body, the water strongly absorbs X-ray rather than letting it

pass through. This again increases the risk for young patients. Clearly modalities such

as fluoroscopy or CT with inherently large exposure have to be used with limitation

on young patients.

The Japan Association of Radiological Technologists (JART) has recognized the

increased risks to young patients and provided guidelines as to the maximum exposure

that young patients can receive from a CT scan [3]. These guidelines show some

recommended dosage limits, measured using a standardized index called the Computed

Tomography Dosage Index (CTDIvol) in mGy, for CT scans of the head, thorax and

abdomen. The recommendations are shown in Table. 1.1.

For comparison, JART suggests that adult patients can receive 85 mGy for head

scan, 18 mGy for the thorax region and 20 mGy for the upper abdomen region. Another
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Table 1.1: Recommended dosage limits, measured as the Computed Tomography
Dosage Index (CTDIvol) in mGy, for children below 1 year of age (1s*�), 1 - 5 years
of age (1 - 5s), and 6 - 10 years of age (6 - 10s), for a head (-è), thorax (øè) or
abdomen (yè) CT scan. The values given are for a 16 cm phantom, with values for
a 32 cm shown in brackets. (from http://www.jart.jp/activity/hibaku guideline.html)

1s*� CTDIvol [mGy] 1 - 5s CTDIvol [mGy] 6 - 10s CTDIvol [mGy]

-è 38 47 60
øè 11 (5.5) 14 (7) 15 (7.5)
yè 11 (5.5) 16 (8) 17 (8.5)

comparison is with X-ray photography with maximum of 3 mGy for the head, 6 mGy

for the thorax image from the side and 11 mGy for the abdomen from the side [3].

While the recommendations for exposure go a long way in protecting young patients,

there is need to limit exposure even further. One way to reduce exposure is to reduce

the intensity of the X-rays used in the imaging process. Lower intensity of X-rays can

be used if the detector is sensitive enough to capture the reduced number of X-rays.

A decrease of the dosage by one order would be more safe and possibly allows several

repeated measurements without significantly increasing the accumulated dosage. A

decrease of the dosage by this magnitude requires that the sensitivity of the detector

increase by the same one order. Thus, the requirement is an X-ray detector with at

least one order higher sensitivity compared to detectors used at present. Amorphous Se

based photo-detectors are a possible candidate, known for their ultra-sensitive detection

due to the avalanche multiplication phenomenon observed in their transport features

under an applied field [4, 5, 6, 7].

1.1 Photo-detectors based on amorphous Se

The operation of photo-detectors can be described by basic processes of photoelectric

absorption and transport to the signal readout structures [8, 9]. In photoelectric ab-

sorption a photon incident onto the photo-detector material interacts with the material

atoms, imparting all its energy, which creates an electron-hole pair [10, 11]. If there
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is no source of electric field to separate the electron and hole, they will recombine in

germinate recombination. If there is an electric field, then the electron and hole can be

separated and drifted along the direction of the field. Along this drift transport, the

electron or hole may also interact by collision with material atoms, dislodging other

electrons such that the carriers appear to multiply. At the end of the drift path, the

charge carrier electrons or holes can be collected and read out as a signal that repre-

sents the incident photon. We examine the properties of amorphous Se with respect

to these processes towards the detection of X-rays.

1.1.1 Background

Well known for its ultrahigh sensitive photo-detection capabilities, amorphous Se is

one of the main candidates for envisioned low-dose ultra-high sensitive X-ray imaging

devices for medical applications [5, 12, 13, 14, 15, 16, 17, 18, 19]. The ultra-sensitivity is

attributed to avalanche multiplication observed in amorphous Se films. The avalanche

multiplication phenomenon was initially thought unlikely in theory due to the short

mean free path in these materials [20]. Nevertheless, experiments on the transport

properties in amorphous materials soon showed characteristics of impact ionization and

avalanche multiplication [21]. These properties could be leveraged to make an ultra-

sensitive vacuum type pick up tube for television, known as the High-gain Avalanche

Rushing Photoconductor (HARP) [22]. The HARP has been innovated into solid

state forms such as the HARP-CMOS and the HARP-TFT. In the HARP-CMOS, the

amorphous Se HARP film is coated onto a complementary metal oxide semiconductor

(CMOS) imaging array and biased with a field to operate in avalanche mode [23]. The

HARP-TFT is similar in principle albeit using thin-film transistors [13]. All these

devices have exhibited exceptional performance in detecting visible light.

Another direction of innovation has been the use of cold cathode field emission

to drive the amorphous Se film [24, 25, 26]. In a diode structure vacuum device,

the amorphous Se film is used as the photo-detecting anode, and a Spindt type field
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emitter is used as the cathode. Operating at significantly lower field emission voltages

compared to Spindt type emitters has been successfully demonstrated using a novel

low threshold nitrogen-doped diamond field emitter [27, 28, 29, 30, 31, 32]. Diode and

triode structures of these devices have been demonstrated for visible light detection,

with multiplication gains of 10 - 40 being measured [33, 6, 34]. Here the multiplication

gain M = ∆I
qN0

is given as the ratio of the light induced current (difference between dark

current and current under illumination ∆I = Iphoto − Idark) to the number of incident

photons N0, with q as the fundamental electronic charge. Detection of high energy

ultraviolet photons was also demonstrated using this diamond driven amorphous Se

photo-detector, showing M of over 1000. This is a promising results towards detection

of higher energy photons.

1.1.2 Absorption of X-ray photons in amorphous Se

Amorphous Se is desirable for X-ray detection due to its ability for direct conversion.

The mechanisms for absorption and photocarrier generation of high energy photons are

reviewed in Appendix D. In direct conversion, X-ray photons are directly converted to

a charge carrier signal for readout [35, 36, 14, 37]. Compared to scintillator based

detectors which first down-convert X-ray photons to visible photons before detection

(indirect conversion), direct conversion materials offer significant resolution, noise and

response time performance [38, 39, 11]. Several attempts at direct conversion using

amorphous Se have been demonstrated such as the Flat Panel X-ray Imager (FPXI)

which has commercial applications in mammography and tomosynthesis [5, 12, 13].

Amorphous Se films for photo-detectors are fabricated with the inclusion of As2Se3

either mixed in the bulk [15], or in a mille-feuille structure [40]. The incorporation of

As2Se3 is for stabilization from temperature degradation given that the amorphous Se

takes a crystalline phase at temperatures above its glass transition of about 318 K [37].

Herein, we use mille-feuille structured films fabricated using rotational evaporation.

We examine the absorption characteristics of the films to high energy X-ray photons

5



by calculating the half value layer (HVL) of the film for a range of photon energies.

The Half Value Layer (HVL) gives the thickness of any given material where half

of the incident energy is absorbed [41]. The HVL is calculated using data from the

National Institute of Standards and Technology (NIST) XCOM database [42].

HV L =
ln (1

2
)(

µ
ρ

)
ρ

(1.1)

where
(
µ
ρ

)
ρ is the mass attenuation coefficient, µ is the attenuation coefficient and ρ is

the material density. The HVL variation with incident photon energy of a stoichiomet-

ric equivalent (1:1 ratio by volume of Se and As2Se3) of the multi-layer amorphous Se

structure, along with conventional materials Si and Ge, is shown in Fig. 1.1. As shown

in Fig. 1.1, the HVL increases as the photon energy increases. For an amorphous Se

detector of length L, photons of energy Eph will have a HVL of x, at which about 50 %

of the incident photons have produced electron hole pairs. This then means that the

remaining length of the photo-detector, L−x, is used for transport and multiplication.

The multiplication factor depends on the transport length as M ∝ exp (α(L− x)),

where α is an ionization cross section [20]. Thus for the same detector length, as the

photon energy increases, the multiplication gain reduces. The total length of the amor-

phous Se film could be increased accordingly. However, given that the transport and

multiplication is field depended, thicker films would require higher applied field.

Typical amorphous Se films used for detection in mammography and tomosynthesis

are 200 µm thick and are operated in a ‘normal’ (transport without multiplication)

mode with applied fields of about 10 V/µm (2 kV applied voltage). The threshold field

for multiplication in amorphous Se is about 70 V/µm [19, 20, 43]. As such, operating

the detector in ‘multiplication’ mode would require 14 kV applied voltage, which poses

practical challenges with insulation.

Clearly it would be beneficial if the absorption layer was comparatively thin. This

is possible if the absorbing material has a high atomic mass, Z [16]. There has been

6



Figure 1.1: The Half Value Layer (HVL) thicknesses of multi-layer amorphous Se (1:1
ratio by volume of Se and As2Se3), Si and Ge for different photon energies. The shaded
region shows X-ray energies used in medical imaging. For the same energy, Ge and
multi-layer amorphous Se are more absorbing for X-ray photons.
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significant progress in the development on high Z absorbing materials such as CdTe,

PbO and perovskites [44, 45, 46, 47, 48, 49, 50]. These materials have shorter HVL

values (better absorption) since their constituent atoms have a high atomic mass.

Conventional semiconductor materials such as Si and Ge are also strong candidates

for application as absorbing materials [11]. Conventional materials have well estab-

lished methods of purification and fabrication such that high quality monocrystalline

wafers are available off the shelf. These materials also have established device fabrica-

tion method such that the photo-detector can be directly integrated with the readout

circuitry.

We therefore propose separating the absorption and transport components of the

photo-detector from being the single material amorphous Se. Instead, we propose a

multi-layer multi-material structure with some layers specialized on absorption and

photo-generation of carriers, and other layers and materials applied for transport and

multiplication gain. Absorption layers may use specialized materials such as high Z

absorbing materials or perovskites. Amorphous Se is then applied for transport and

multiplication to amplify the carriers generated in the absorbing layers.

1.1.3 Multiplication of charge carriers in amorphous Se

The high sensitivity of amorphous Se based photo-detector performance is attributed

to avalanche multiplication observed in amorphous Se at high fields of over 70 V/µm

[19, 20, 43]. The avalanche multiplication phenomenon has been described by models

like the Lucky Drift, Polaronic-Supersonic Transformation, and Cascade Multiplication

[22, 20, 51, 52].

The Lucky Drift model has its origins in the Lucky Electron model [53]. In the

Lucky Electron model, an electron moving along the direction of the applied field F

gains energy qFz after traveling a distance z. If the threshold energy for an ionization

event is Eth then a lucky electron travels a long enough distance z to acquire Eth and

therefore possibly impact and ionize. Unlucky electrons experience frequent collisions
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and thus never reach Eth. However, this model could not explain experimental results.

The theory of impact ionization was then improved by introducing the Lucky Drift

model [54]. In the Lucky Electron model, the carrier loses its momentum and energy

on scattering collisions, whereas in the lucky drift model, the momentum relaxes much

faster than the energy. An electron can experience collisions during its drift, losing

its momentum, and yet still gain energy, possibly reaching Eth. As such, the model

requires that the mean free path for momentum relaxation, λ, be less than the mean

free path for energy relaxation, λE, (λ < λE). The energy relaxation mean free path

λE determines the average distance between inelastic collisions. The lucky drift model

applied to amorphous Se gives λE of about 2.6 - 6 nm for Eth for EG

2
up to EG ≈ 2 eV.

The Polaronic-Supersonic Model emanates from the comparison of carrier drift

velocities in amorphous Se with respect to the speed of sound [51]. There appears to be

a relationship between the threshold field for avalanche multiplication, at 70 MVm−1,

and the field where the drift mobility transcends the longitudinal sound velocity of 1.8

× 103 ms−1 in Se, at 40 MVm−1. At low fields, photon generated carriers immediately

form polarons. At high fields, the carriers transport in a ballistic way, likely resulting in

impact ionization. By considering polaronic conduction, the model takes into account

the molecular structure of the amorphous Se film and attempts to explain avalanche

multiplication. This however is still a qualitative model which does not yet consistently

explain avalanche multiplication in different allotropes of Se, and in other amorphous

semiconductors.

The models discussed above take the Se film as a single bulk, or as an alloyed bulk

of Se and As2Se3, with As2Se3 added for temperature stabilization, without considering

the multi-nanolayer structure of the film.

Investigating the multi-layer structure

While it was well established that As incorporated into amorphous Se improved the

durability of the film from thermal degradation, there was need to investigate the

9



specific case of incorporation in the form of a mille-feuille structure [55, 40]. In a com-

parative study of bulk amorphous Se, bulk of mixed amorphous Se and As2Se3, and

mille-feuille Se and As2Se3, it was confirmed that adding As2Se3 improved durability

from thermal degradation. Bulk amorphous Se crystallized after about 45 ◦C anneal-

ing temperature, whereas crystalline phases in mixed and multi-layer Se and As2Se3

appeared around 85 ◦C and 105 ◦C, respectively. Electrical conductivity measurements

in dark conditions showed higher currents for the multi-layer films. Photoconductivity

was also shown to be higher by an order in the multi-layer films. A study of breakdown

current showed reversible breakdown at around 135 MVm−1 in multi-layer films, while

permanent breakdown occurred in bulk films at higher applied fields [6]. When the

multi-layer film was applied as the photo-detecting anode in a vacuum diode photo-

detector structure driven by nitrogen doped diamond field emitter cold cathode, mul-

tiplication gains of up to 4000 were observed. An accumulation of these observations

and analysis led to the proposal of the Cascade Multiplication model.

The Cascade Multiplication model considers the multi-layer structure of the Se film,

and suggests that the multi-layer arrangement specifically results in carrier multiplica-

tion [52]. In this model, the different layers of the multi-layer structure have different

roles during the transport of photo-generated charge. The As2Se3 were considered as

p-type layers wherein the photo-carriers are accelerated by a high field in the film.

The amorphous Se layers were considered trapping layers with a high density of filled

traps. Cascade multiplication was then a process where photo-generated charge is ac-

celerated in the As2Se3 layer, possibly reaching the threshold ionization energy, and

then injected into the next amorphous Se layer. The accelerated carrier then excites

carriers from the trap levels in the amorphous Se layer, resulting in carrier multiplica-

tion. The resulting carriers will then be injected into the next As2Se3 layer where they

are accelerated. In this way, carrier multiplication cascades along the film thickness.

Thus, by creating separate regions of acceleration and collision, carrier multiplication

cascades along the sample in the direction of the applied field. Nevertheless, so far,

10



no physical interpretation with experimental evidence for such electronic property has

been presented.

Depending on the thicknesses of the layers of Se and As2Se3, the multi-layered ar-

rangement is possibly a superlattice structure. As such, the multi-layered arrangement

of the amorphous Se film needs to be investigated in more detail using the physics of

superlattices (See Appendix A for a basic review of the theory superlattices). In the

proposal of semiconductor superlattices it was predicted that the band structures of

the base materials would be perturbed resulting in the superlattice having a unique

band structure and consequently altered electronic transport properties like negative

differential resistance and resonant tunneling [56, 57]. Furthermore, it was shown that

tetrahedrally bonded amorphous materials such as a-Si:H could be fabricated as super-

lattices, and that the superlattice structure had the effect of stretching the distribution

of shallow, weakly localized states in these materials [58, 59, 60]. The superlattice

structure should also have an effect on the bands and defect states of the amorphous

materials Se and As2Se3.

Given that multiplication gain in the multi-layer structure of amorphous Se is key

for improving detector sensitivity, it is necessary to understand the electronic properties

and charge transport characteristics of the amorphous Se superlattice. We therefore

study the fabrication of multi-nanolayer amorphous Se superlattice, and the character-

ization of its structural, optical and electronic properties.

Chapter 2 discusses the fabrication and characterization of multi-layer films of

amorphous Se and As2Se3. The process of rotational evaporation is used to fabri-

cate multi-layer films. Results from Time of Flight Secondary Ion Mass Spectroscopy

(TOF-SIMS) and Raman spectroscopy are then presented, showing the characteriza-

tion of the physical properties of the films.

Chapter 3 discusses the energy level structure of amorphous Se superlattice films

fabricated using rotational evaporation. Using Deep Level Transient Spectroscopy

(DLTS), a comparative study of the individual Se, As2Se3, and the multi-nanolayer

11



structure of the two materials is presented. The discussion reveals trap level modulation

and miniband formation associated with quantum superlattice structures.

In Chapter 4, a study of the optical properties is presented. Spectroscopic ellip-

sometry is used to characterize Se, As2Se3 and multi-layer films of the two materials,

revealing optical band gap and dielectric function properties of the materials. The

multi-nanolayer films show discrete transitions associated with quantum superlattice

structures.

A discussion of the electronic transport properties of the multi-nanolayer films is

presented in Chapter 5. Oscillations in current-voltage (I-V ) characteristics reveal

oscillations associated with superlattice structures. A model based on injection, se-

quential quantum tunneling and impact ionization is presented to explain the observed

features.

In Chapter 6, we present a design method developed based on the characterizations

discussed in the previous chapters. This design model uses the observed quantum

features associated with the multi-nanolayer structure, to optimize the performance of

photo-detectors with respect to operating wavelength, required sensitivity and response

time.

Chapter 7 is a demonstration of the design method towards developing an X-ray

detector. We show that it is possible to design and fabricate an X-ray detector using Ge

and superlattice Se, which can be operated successfully at room temperatures and with

sensitivities of up to 6688 pCmGy−1
airKERMA, comparable to state of the art detectors.

The conclusion summarizes the significance of the work, challenges encountered,

future experimental work and possible innovations.
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Material fabrication and

characterization
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The technologically simple method of rotational evaporation was used to fabricate

multi-layer films of Se and As2Se3. The material distribution in the films was char-

acterized by depth profiling using Time of Flight Secondary Ion Mass Spectroscopy

(TOF-SIMS). Raman spectroscopy was used to characterize the phase state of the

individual materials, and of the multi-layer structures.

2.1 Fabrication

Using the rotational evaporation technique, samples of the individual materials, namely

amorphous Se only, As2Se3 only, and the multi-layer combination of the two materials

in 1:1 ratio by volume, were fabricated [1]. The substrates were n-type Si (100), 5

- 8 Ω·cm, single side polished wafers diced into 10 mm squares. The Si substrates

were cleaned in an ultrasonic bath using acetone, methanol, and deionized water, be-

fore being submerged in 25 % diluted HF to remove the surface oxide. The cleaned

Si substrates were then attached to circular glass holders and placed into the rota-

tional evaporation system, with the polished surface as the target for deposition. The

evaporation chamber was immediately pumped to high vacuum. The schematic of the

rotational evaporator is shown in Fig. 2.1.

When the target chamber pressure of 10−6 Torr was reached, the turntable holding

the substrates was rotated at 80 rpm. Single bulk material samples (As2Se3 only and

Se only) were deposited using one boat at a time. The sources were granulated As2Se3

(STREM Chemicals 5N purity, 0.5 mm diameter grains) and Se pellets (Nilaco 5N

purity, 1 mm pellets ), respectively. The multi-layer films were fabricated by having

both boats heated such that alternating layers of Se and As2Se3 were evaporated and

deposited onto the Si substrates. The deposition thickness was measured using a crystal

oscillator which traced the same circular path as the samples. Individual samples had

a target thickness of 1 µm while the target total thickness of the multi-layer film was

2 µm.
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Figure 2.1: The schematic of the rotational evaporation system. The substrates were
placed on a turntable such that they alternately passed over heated boats containing
evaporating Se and As2Se3. A crystal oscillator traced the same path as the substrates
and measured the deposited thickness.
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2.2 Time Of Flight Secondary Ion Mass Spectroscopy

(TOF-SIMS)

The depth profile of superlattice Se samples was evaluated using TOF-SIMS on the

ION-TOF TOF.SIMS5 system [1, 2]. The measurement was performed by alternating

sputtering the film surface using a Cs beam, and irradiating with a Ga primary ion

beam. The analysis beam covered a spot size of 100 µm square and the sputtering etch

area was 200 µm square, with both beams irradiated alternately for 4 s. For the analysis

beam, the acceleration voltage was 1 kV at a current of 4 nA. A 200 nm superlattice

Se sample was used for the TOF-SIMS and the results of the measurements are shown

in Fig. 2.2. From the TOF-SIMS result, it is possible to estimate the thickness of

each superlattice layer. For the peaks shown in Fig. 2.2, a Gaussian fit was applied as

shown in Fig. 2.3, and the thickness determined from the Full Width at Half Maximum

(FWHM). The FWHM gave values of thickness from 6 - 9 nm. These values agree

with estimates made from the rotational speed and duration of deposition, and with

measurements from previous work [1]. The result confirms that across the deposition

thickness, there are alternating layers of Se and As2Se3 with a period of 12 - 18 nm.

Since these materials have different dielectric constant, and consequently band gap an

energy band distribution can also be inferred, as shown in Fig. 2.4. The energy band

structure suggests the formation of a series of nanometer size quantum wells such that

the deposited structure can thus be considered as a superlattice [3]. The conditions for

a superlattice are that the period is of the order of 10 nm, and the periodic potential

is greater than 0 eV [3]. We used the de Broglie wavelength to check if the fabricated

nanolayer structures qualify as quantum devices [4]. The de Broglie wavelength is

λdeBroglie ≈
h√

m∗kBT
(2.1)

where h is the Planck’s constant, kB is the Boltzmann constant, T is the temperature

in kelvin, and m∗ is the carrier effective mass. For As2Se3 quantum well, with effective
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Figure 2.2: The results of the TOF-SIMS measurement of 200 nm film of superlattice
Se showing the layered distribution of Se and As.
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Figure 2.3: A single peak from the results shown in Fig. 2.2 fitted with a Gaus-
sian curve. Analysis of the peaks using the Gaussian fit showed Full Width at Half
Maximum (FWHM) values of 6 - 9 nm.
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Figure 2.4: Se component measured using TOF-SIMS with illustrations below showing
the material distribution and energy band distribution. On average, each layer of Se
and As2Se3 is 8 nm.
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electron and hole masses of 0.27 and 0.28, respectively [5], at 300 K, λdeBroglie ≈ 21

nm. Thus for superlattice periods of 12 - 18 nm measured from TOF-SIMS the layer

thicknesses are within the expected order for superlattice quantum structures. The

energy levels and wave-functions for this periodic structure can be calculated from the

Kronig-Penney model, which is reviewed in Appendix A.

2.3 Raman spectroscopy

The three types of samples were measured using Raman spectroscopy using an Andor

LBP100 system. The excitation laser was a helium-neon continuous wave (He-Ne CW)

laser with emission line of 638.2 nm and power set to 2 mW. All samples were measured

at room temperature and pressure conditions. The results are shown in Fig. 2.5.

Fig. 2.5 a) shows the Raman spectrum of amorphous As2Se3 sample as indicated

by a broad band asymmetric and skewed to the lower frequency side with a maxi-

mum around 225 cm−1 [6]. The maximum is attributed to stretching vibrations of

AsSe3 pyramidal units, with other parts of the spectrum contributed by the presence

of structural units of As4Se4 (205 cm−1), As4Se3 (237 cm−1), Se8 rings ( 252 cm−1),

and Sen chains (238 cm−1 and 255 cm−1) [7]. Since the spectrum of crystalline As2Se3

is known to have narrow peaks, we could confirm the amorphous nature of the samples

[6].

In Fig. 2.5 b) the spectrum of amorphous Se is shown. The spectrum has a broad

peak skewed towards the higher-frequency side with a maximum around 255 cm−1. The

maximum originates predominantly from Se8 rings with other parts of the spectrum

coming from Sen chains. Again we could confirm the amorphous nature of the Se

samples since they can be clearly contrasted with crystalline/trigonal Se spectra which

have a narrow peak at 235 cm−1 [1].

The results of the Raman measurements of the superlattice Se are shown in Fig. 2.5

c). The spectrum also shows a broad, higher-frequency side skewed peak with a maxi-

mum around 250 cm−1. A small shoulder around 225 cm−1 is observed indicating the
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Figure 2.5: Raman spectra for a) amorphous As2Se3 showing a broad band with a
maximum around 225 cm−1, b) amorphous Se showing a broad band with maximum
around 255 cm−1, and c) superlattice-Se showing a broad peak with maximum around
250 cm−1. The broad bands indicate the amorphous nature of the samples.
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presence of As-Se structures, most likely AsSe3 pyramidal units. However, the largest

contribution is due to Se8 rings and Sen chains. From the deposition conditions and

TOF-SIMS results, both Se and As2Se3 have equal layer thicknesses, which implies that

there is overstoichiometry of Se in the sample. Since no narrow peaks were observed

we confirmed that the superlattice Se samples have an amorphous nature.

Using rotational evaporation we could fabricate films with alternating layers of Se

and As2Se3. The multi-layer distribution of materials in the films could be confirmed

using TOF-SIMS characterization. Analysis of the results showed that the multi-layers

were 6 - 9 nm thick, and based on an estimation using de Broglie wavelength, could be

quantum structures. Raman spectroscopy was used to confirm the phase state of the

films, with the multi-layer films exhibiting an amorphous state. In this way, we suc-

cessfully fabricated amorphous superlattice structures using rotational evaporation of

amorphous Se and amorphous As2Se3, from a physical distribution point of view. As is

discussed in Appendix A, due to quantum size effects, superlattices also exhibit unique

energy band structure, optical transitions and carrier transport properties. We investi-

gated these properties using Deep Level Transient Spectroscopy (DLTS), spectroscopic

ellipsometry, and current-voltage (I-V ) and current-time (I-V ) characterization.
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3.1 Introduction

Well known for its ultra-high sensitive photo-detection capabilities, amorphous Se is

one of the main candidates for envisioned low-dose ultra-high sensitive X-ray imagers

for medical applications [1, 2]. Recently it was pointed out that innovation in materials

is essential towards reaching low-dose X-ray imaging, with perovskite material demon-

strated as a promising candidate [3, 4]. The effectiveness of perovskites stems from the

unique arrangement of different material atoms. Multi-material multi-layer amorphous

Se based structures have already been successfully applied in a High-gain Avalanche

Rushing Photoconductor (HARP) camera [5]. Recently, high photo-detector quan-

tum efficiencies for visible and UV photons were reported for amorphous Se based

photoconductors in vacuum photo-detectors driven by low-threshold field emission

from nitrogen-doped diamond [6, 7]. The ultra-sensitive performance of these devices

is attributed to avalanche multiplication described by models like the Lucky Drift,

Polaronic-Supersonic Transformation, and Cascade Multiplication [8, 9, 10, 11]. In

this set of models, only Cascade Multiplication considers the multi-layer structure of

the Se film, with the other two taking the Se film as an alloyed bulk of Se and As2Se3,

with As2Se3 added for temperature stabilization. However, Cascade Multiplication sug-

gests that the multi-layer arrangement specifically results in carrier multiplication by

creating separate regions of acceleration and collision. A comparative study of bulk Se

and the multi-layer structure showed that the multi-layer structure had significantly

higher photoconductivity [12]. So far, no physical interpretation with experimental

evidence for such electronic property has been presented.

Depending on the thicknesses of the layers of Se and As2Se3, the multilayered ar-

rangement is possibly a superlattice structure. As such, the multilayered arrangement

of the amorphous Se film needs to be investigated in more detail using the physics of

superlattices. In the proposal of semiconductor superlattices it was predicted that the

band structures of the base materials would be perturbed resulting in the superlattice

having a unique band structure and consequently altered electronic transport proper-
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ties like negative differential resistance and resonant tunneling [13, 14]. Furthermore,

it was shown that tetrahedrally bonded amorphous materials such as a-Si:H could be

fabricated as superlattices, and that the superlattice structure had the effect of stretch-

ing the distribution of shallow, weakly localized states in these materials [15, 16]. The

superlattice structure should also have an effect on the bands and defect states of the

amorphous materials Se and As2Se3. Using the technically simple method of rotational

thermal evaporation, we fabricated a multi-nanolayer superlattice of the two materials

and studied the effect on the electronic band-gap states using Deep Level Transient

Fourier Spectroscopy (DLTFS). A basic review of DLTFS is presented in Appendix B.

3.2 Results and Discussion

Three types of samples, As2Se3 only and amorphous Se only and the multi-layer combi-

nation of the two materials, were fabricated on n-type Si substrates using a rotational

evaporation system as discussed in Chapter 2 [17]. The depth profile of samples with

alternating layers of Se and As2Se3 (hereafter referred to as superlattice Se) was char-

acterized using Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS). The

details of the TOF-SIMS characterization and analysis are found in literature and re-

viewed in Chapter 2 [12, 17, 18]. The Full Width at Half Maximum (FWHM) values of

the peaks showed a layer thickness in the range of 6 - 9 nm for each layer, in agreement

with previous estimates [12] and with basic evaluation from deposition rotation speeds

and duration. This shows that across the deposition thickness there is a layered distri-

bution of materials with different dielectric constants and consequently a periodically

varying energy gap EG, with a period of 12 - 18 nm. This period is within the order

of 10 nm, which is within the threshold condition of so called superlattice structures

[13]. The other condition is that the periodic potential must be greater than 0 eV. To

determine the periodic potential, the Anderson’s rule was used [19]. For amorphous

Se, the mobility gap is 2.05 eV [20], and the Fermi level determined from Ultraviolet

Photoelectron Spectroscopy (UPS) is about EV,Se + 0.8 eV within ±0.1 eV, in close
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agreement to values reported in literature [21]. The electrical band gap of As2Se3 is

1.1 eV, with the Fermi level taken to be at the mid-gap [22, 23, 24, 25].

The energy of defect states and how they are affected by “superlatticing” was then

investigated using DLTFS. Three types of samples were measured: 1 µm thick As2Se3, 1

µm thick amorphous Se and 2 µm thick superlattice Se. These samples were fabricated

on n-type Si substrate using rotational evaporation as described before. A top contact

of solidified silver paste was placed on the film surface, with Al foil contact attached

to n-type Si side also using silver paste. This sample structure was then connected as

the device under test on the FT1030 HERA DLTFS system. The sample structure and

measurement schematic are shown in Fig. 3.1.

Figure 3.1: The connection of samples under test to the FT1030 HERA DLTFS system.
Three types of samples were tested: 1 µm thick As2Se3, 1 µm thick amorphous Se, and
2 µm thick superlattice-Se.

The measurement was performed under dark conditions with a temperature scan

from 130 K to 300 K in a liquid nitrogen (LN2) temperature regulator (AME tc-2091).

The upper temperature limit was chosen to stay below the glass transition temperature

of amorphous Se of about 318 K [26]. An initial capacitance-voltage C-V measurement

was taken for each sample type to determine the choice of the reverse bias and peak

voltages. The reverse voltage VR was set to +5 V for As2Se3 samples, and −5 V

for amorphous Se and superlattice Se samples. These directions of bias suggest that

As2Se3 has n-type conduction and Se has p-type conduction, agreeing with observations

in literature [11, 17, 27]. The pulse voltage was set at 0 V, with a time window TW of
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20.48 ms. The resulting DLTFS spectra and Fourier coefficients are shown in Fig. 3.2

and Fig. 3.3 respectively.

The DLTFS Fourier coefficients were used to calculate the time constants and Ar-

rhenius plots following the direct evaluation methods detailed in Appendix B [28, 29].

Here, the Arrhenius equation is

ln(τT 2C) =
(EC − E)

kB

1

T
− lnσ (3.1)

where T is the temperature, C = vthNC

T 2 , vth is thermal velocity, NC is the density of

states, EC − E is the energy difference between the energy level and the conduction

band, kB is the Boltzmann constant and σ is the capture cross section. The time

constant τ is obtained from the Fourier coefficients an, and bn, obtained from a Fourier

transformation of the capacitance transient. Figure 3.3 shows coefficients a1, a2, and

b1 and b2 obtained for the three samples As2Se3, amorphous Se, and superlattice Se.

There are three possible combinations of the coefficients that give the time constants

[29]:

τ(an, ak) =
1

ω

√
an − ak

k2ak − n2an
(3.2)

τ(bn, bk) =
1

ω

√
kbn − nbk

k2nbk − n2kbn
(3.3)

τ(an, bn) =
1

nω

bn
an

(3.4)

where ω = 1
TW

. Since the maxima of of the different coefficients are displaced relative

to each other, we chose the coefficients which were likely to have the least effect on

each other. We therefore used τ(a1, a2) to evaluate levels at higher temperatures, and

τ(b1, b2) for levels at lower temperatures. These time constants were then substituted

into the Arrhenius plots.

A linear model in terms of 1/T was used to fit the Arrhenius plots using linear

regression, from which the slope was used to calculate the energy levels. The results
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Figure 3.2: The DLTFS spectra of (a) As2Se3 (b), amorphous Se, and (c) superlattice
Se over the temperature range 130 K t0 300 K.
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Figure 3.3: The Fourier coefficient spectra of (a) As2Se3, (b) amorphous Se, and (c)
superlattice Se. These coefficients a1, a2, b1 and b1 were used to calculate the transient
time constants.
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of the evaluations are shown in Fig. 3.4. The energy levels observed for each material

sample are visualized in band diagrams in Fig. 3.5.

The trap levels measured for As2Se3 are comparable to those reported in refer-

ences [24, 30]. Amorphous Se showed three levels in close agreement with observations

reported in literature [31, 32]. For the chalcogen Se and chalcogenide As2Se3, these

energy levels are associated with valence alternating pairs (VAP) and intimate valence

alternating pairs (IVAP) energy states of the C+
3 and C−1 coordination defects described

by the MDS (Mott, Davis and Street) and KAF (Kastner, Adler and Friztsche) models

[25, 33, 34]. In comparison, the superlattice-Se superlattice only exhibits two levels at

EC,Se− 0.5330 eV and EV,Se + 0.269 eV. These are assigned to the minibands resulting

from the superlattice structure.

The superlattice resulted in the shifting and aggregation of the defect energy states

of each material into two levels seen in the superlattice Se structure. This shifting

is attributed to the perturbation of each material’s band structure by the alternat-

ing periodic arrangement of bands, which creates a new potential variation over the

potentials from each material’s energy bands. Our result shows that the superlattice

potential has a localizing effect, not only on shallow states near the band edges as

previously reported [15, 16], but also on deep states. The superlattice imposes an over-

arching order to the amorphous structure of each material. While amorphous materials

have no well-defined wave-vector dependence [9], the periodic structure introduces a

superlattice wave-vector and consequently, minibands which depend on the periodic

potential [35]. In this way the superlattice modulates the energy levels found in each

individual material resulting in trap levels being reduced to only two minibands below

and above the mid-gap energy.

For the superlattice, a calculation of the energy levels based on the Kronig-Penney

model predicts the presence of five energy levels in the quantum wells for electrons

and three for holes. However, these energy levels where not observed in the DLTFS

measurement. The filling pulse level at −5 V and the pulse duration may have been
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p

Figure 3.4: The Arrhenius plots obtained from the spectra of (a) As2Se3, (b) amor-
phous Se, and (c) superlattice-Se, modeled by linear fit lines with slopes used to cal-
culate the energy levels.
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Figure 3.5: The energy levels in the band gaps of As2Se3, amorphous Se, and
superlattice-Se.

sufficient to fill only the lowest energy levels. By changing the pulse level and time, it

may be possible to observe higher energy levels. Additionally, photogeneration may also

be applied as a filling pulse in a form of photo-DLTFS, allowing possible observation

of higher energy levels. Nevertheless, even under the conditions in this experiment we

could demonstrate the effect of multi-layering on the energy levels structure and show

quantum superlattice effects.

3.3 Conclusion

To summarize, we investigated the arrangement of defects states in the band gap of

chalcogenide material As2Se3 and chalcogen amorphous Se, and their arrangement in

a superlattice. We showed that superlattice Se can be fabricated using multi-source

rotational evaporation, a result which was confirmed in TOF-SIMS measurements.

These three materials were then evaluated using DLTFS to measure the energy states

in the band gap. The results show that the superlattice arrangement results in the

modulation of multiple energy states in each individual material to minibands in the

superlattice. From the results we could clarify the phenomena behind some exceptional
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performances of superlattice Se based devices. The clarity is essential in the design

of other Se based devices, with particular interest focused on ultra-sensitive X-ray

detectors that could be used with lower doses than in present systems. There are

also potential applications of Se based photo-detectors in spectroscopy systems such as

Inverse Photoelectron Spectroscopy (IPES) which require inherent signal amplification

and wide spectral sensitivity.

Beyond just Se superlattices, we envision that superlattices of amorphous materials

could be a way to control the distributions of energy states that result from the material

disorder. Furthermore, such systems seem to allow fabrication at lower technological

thresholds using simple methods such as rotational evaporation. We anticipate that

this work will inspire more investigations into the fabrication, characterization, and

application of superlattices of amorphous materials.
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4.1 Introduction

Superlattice structures, made from a periodic arrangement of nano-layers of differ-

ent materials, have unusual optical and electrical properties like negative dynamic

resistance and effective mass filtering [1, 2]. These properties are highly desired for

optoelectronic devices like quantum cascade lasers and ultrasensitive photo-detectors.

However, these properties and devices are not widely available since superlattice struc-

tures require high-tech fabrication methods, like Molecular Beam Epitaxy (MBE) or

Atomic Layer Deposition (ALD). Superlattice structures fabricated using amorphous

silicon and amorphous silicon carbide were investigated, with the results showing a

stretching of the distribution of localized states [3, 4]. Amorphous Selenium (Se) and

Arsenic Selenide (As2Se3) have a long history of application in optoelectronic devices.

A combination of the two materials was shown to exhibit even better photo-detection

performance with high quantum efficiencies [5, 6]. This material combination is also

a promising candidate for ultrasensitive flat-panel X-ray imagers [7, 8]. Recent work

revealed that multi-layer films of Se and As2Se3 fabricated using rotational evaporation

exhibit electrical properties associated with superlattice structures, altering the band

structures of the base materials and resulting in sequential tunneling based transport

phenomena observed as oscillations in the current-voltage (I-V )characteristics [9, 10].

It is therefore expected that an optical study should also reveal characteristics emanat-

ing from the superlattice structure. Two-dimensional superlattice structures are known

to have a density of states that follows a series of constant energy levels due to quantum

confinement in one-dimension [11]. The optical absorption coefficient is proportional to

the joint density of states. Thus by measuring the optical properties, the nature of the

joint density of states can be determined, possibly confirming the superlattice struc-

ture of rotationally evaporated Se and As2Se3 superlattices. Spectroscopic ellipsometry

provides an accurate, non-destructive method for evaluating the optical properties of

layered semiconductor structures [12]. A basic review of spectroscopic ellipsometry

is presented in Appendix C. The method has been successfully applied to superlat-
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tice structures, showing excitonic peaks associated with sub-band transitions, and also

reliably evaluating the quality of superlattice structures from different deposition condi-

tions [13, 14]. Compared to destructive depth profiling methods such as Secondary Ion

Mass Spectroscopy (SIM), spectroscopic ellipsometry is non-destructive and provides

access to depth profiles and optical properties simultaneously. This is highly desirable

in evaluating superlattice structures integrated in active devices such as quantum cas-

cade lasers and Modulation Doped Field Effect Transistors (MODFET) [14]. Another

interesting application is evaluating nanostructures of phase-changeable materials such

as Phase Changeable Memories (PCM) [15, 16]. We were interested in determining

the quality of superlattices fabricated from amorphous materials deposited using the

technologically simple method of rotational evaporation, and the optical properties of

the resulting superlattices. We therefore fabricated samples of amorphous Se, As2Se3,

and a multinanolayer structure of the two materials, using rotational evaporation, and

studied the resulting films using spectroscopic ellipsometry.

4.2 Results and Discussion

The three types of samples were then studied using spectroscopic ellipsometry. The

Variable Angle Spectroscopic Ellipsometry (VASE) measurements were performed on a

M2000 ellipsometer (J. Woolam) running the CompleteEase 5.15 software for analysis

and modeling [17]. The light spot size had a diameter of 3 mm, and the spectral energy

range was from 0.75 eV to 5.2 eV. The angle of incidence was varied from 45◦ to 75◦

in steps of 5◦. The schematic of the system is shown in Fig. 4.1.

All samples were measured under room temperature and ambient conditions. The

system measured the amplitude, Ψ, and phase shift, ∆, of the light’s electric field after

interacting with the sample. The amplitude and phase shifts (Ψ and ∆) from the

spectroscopic ellipsometry for each type of sample are shown in Fig. 4.2.

The results for each type of sample were modeled with a B-Spline fit with resolution

0.025 eV to give the refractive index, n, and extinction coefficient, k. The B-Spline
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Figure 4.1: Sample measurement using spectroscopic ellipsometry. The angle of inci-
dence θ was varied from 45◦ to 75◦ in steps of 5◦, with the sample measured at each
angle using light in the range from 0.75 eV to 5.2 eV.

model can be used to model the dielectric function as

ε2(ω) =
N∑
i=1

ciB
k
i (ω) (4.1)

where the basis splines Bk
i are [18, 19]

B0
i (x) =


1 ti ≤ x < ti+1

0 otherwise

(4.2)

Bk
i (x) =

(
x− ti
ti+k − ti

)
Bk−1
i (x) +

(
ti+k+1 − x
ti+k+1 − ti+1

)
Bk−1
i+1 (x) (4.3)

where k is the degree of the B-Spline, ti is the ith knot location on the x-axis. Knots also

known as nodes are locations on the x-axis where the polynomial segments connect.

The real part of the dielectric function can then be obtained using Kramers-Kronig

causality relations [18, 20].

The parameters of the fitted model are shown in Table 4.1. The graphs of the

resulting n and k from the B-Spline fitting are shown in Fig. 4.3.

These n and k were then parametrized using Cody-Lorentz oscillators. The Cody-
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Figure 4.2: The amplitude Ψ and phase shift ∆ data for Se, As2Se3 and superlattice
Se measured at angles from 45◦ to 75◦ in steps of 5◦.
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Figure 4.3: Resulting refractive index, n, and extinction coefficient, k, for Se, As2Se3

and superlattice Se after fitting Ψ and ∆ data using a B-Spline with resolution 0.025
eV.
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Table 4.1: Parameters used to fit the B-Spline model for Se, As2Se3 and superlattice Se.
The film thicknesses agree reasonably with values measured during deposition using a
crystal oscillator.

Parameter Se As2Se3 Superlattice Se
MSE 7.828 10.649 8.314
Thickness [nm] 1070.20±0.16 1010.76±0.13 2090.24±0.42
n of B-Spline at 1.96 eV 2.79673 3.10087 2.86156
k of B-Spline at 1.96 eV 0.01691 0.090007 0.06391

Lorentz oscillator, in addition to absorption at energies above the optical band gap,

takes into account the Urbach absorption below the band gap, which is expected for

amorphous materials [12, 17]. In the Cody-Lorentz oscillator, the imaginary part of

the dielectric function ε2(E) has the form [21]

ε2(E) =



El
E exp

[
(E − Egn + Etn)

Eun

]
: 0 < E ≤ (Egn + Etn)

(E − Egn)2

(E − Egn)2 + E2
pn

· AnE0nΓnE
(E2 − E2

0n) + Γ2
nE

2 : E > (Egn + Etn)

where, for the nth oscillator,

� An is the amplitude of the Lorentzian peak,

� Γn is the Full Width at Half Maximum (FMHW) of the Lorentzian peak,

� E0n is the energy at the peak position ,

� Epn is the transition from Lorentzian absorption to Cody absorption,

� El is the demarcation energy between band to band and Urbach tail transitions,

� Etn is the transition from Cody absorption to Urbach absorption, and

� Eun is the exponential rate of the transition Et.

The superlattice material has unique optical properties, different from the individual

materials Se and As2Se3. As such, the superlattice material was modeled as a single
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layer with unknown thickness. The parameters of the oscillators for Se, As2Se3 and

superlattice Se are shown in Table 4.2 a) and the additional Lorentz oscillators for

superlattice Se are shown in Table 4.2 b). The thicknesses from the ellipsometric model

Table 4.2: a) Parameters used to fit the Cody-Lorentz model for Se, As2Se3, and super-
lattice Se, and b) additional parameters for Lorentz oscillators modeling the “steps”
observed near EG,Opt of the superlattice.

(a) Parameters used to fit the Cody-Lorentz model for Se, As2Se3 and super-
lattice Se.

Parameter Se As2Se3 Superlattice Se
MSE 15.743 15.112 37.71
Thickness [nm] 1060.62±0.12 1018.19±0.21 1989.62±1.63
Eg,opt [eV] 1.968±0.0055 1.689±0.0009 1.691±0.002
A 46.394 62.475 51.631
Γ 8.374 6.408 7.807
E0 5.921 4.536 5.282
Ep 0.351 1.088 0.786
Et 0.141 0.222 0.443
Eu 0.076 0.104 0.127

(b) Parameters used to fit Lorentz oscilla-
tors for the “steps” observed near EG,Opt

of the superlattice

n En [eV] Amp Br
1 1.724±0.0024 0.057 0.050
2 1.817±0.0663 0.700 0.041
3 1.891±0.0103 0.103 0.0341
4 1.965±0.0081 0.157 0.0356
5 2.036±0.0114 0.107 0.0398

agreed reasonably well with the target thicknesses measured by the crystal oscillator.

The modeled optical parameters are shown in Fig. 4.4.

The extinction coefficient, k, can be used to obtain the absorption coefficient α [20],

α =
4πk

λ
(4.4)

where λ is the photon wavelength. The absorption coefficient is proportional to the

joint density of states [11]. The absorption coefficient plot for superlattice Se is shown

in Fig. 4.5.
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Figure 4.4: The refractive index, n, and extinction coefficient, k, of a) As2Se3, b)
Se, and c) superlattice Se. These optical constants were obtained after modeling with
Cody-Lorentz oscillators.
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Figure 4.5: The absorption coefficient, α, of the superlattice Se, showing a series of five
“staircase steps” in energy. These steps stem from transitions between energy levels
in quantum wells of the superlattice structure. The inset shows the band structure
(not to scale) used to calculate the energy levels in the quantum wells following the
Kronig-Penney model [22, 23].
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The absorption coefficient shows a series of “staircase steps” as expected of a su-

perlattice where carriers are confined in one dimension. The peaks of the steps are

associated with transitions from energy levels in the quantum wells of the superlattice

structure. The transitions are governed by selection rules, specifically that the transi-

tion can only occur from energy levels with the same quantum number i.e. ∆n = 0

[11]. As such the absorption steps, ETn, will be given by

ETn = EG,Opt + Een + Ehn (4.5)

where EG,Opt is the optical band gap of the quantum well material, Een is the nth

energy state for electrons in the quantum wells, and Ehn is the nth energy state for

holes in the quantum wells.

The energy levels in the superlattice quantum wells were calculated following the

Kronig-Penney model [22, 23]. The derivation of the equation for energy levels and

wave-functions is discussed in Appendix A. The optical band gaps obtained from the

Cody-Lorentz models shown in Fig. 4.4, for Se and As2Se3 were 1.97 eV and 1.69 eV

respectively, with the Fermi level set to be at EV + 0.8 eV for Se and at the mid gap

for As2Se3 [9]. Effective masses in the quantum well material As2Se3 were set as 0.27

and 0.28 for electrons and holes respectively [24]. The quantum well width used was

8 nm. A sketch of the resulting band structure is shown in Fig. 4.6. The results of

the calculations were then compared to the transitions measured using ellipsometry, as

shown in Table 4.3. In this way the observed transitions can be explained as stemming

Table 4.3: Transitions measured from ellipsometry compared to those obtained from
the calculation based on the Kronig-Penney model. The optical band gap, EG,Opt, of
the quantum well material As2Se3 was 1.69 eV.

n En [eV] Een [eV] Ehn [eV] ETn [eV] Discussion
1 1.724 0.019 0.011 1.720 Transition between lowest quantum well levels for holes and electrons.
2 1.817 0.074 0.044 1.808 Transition between the second quantum well levels for holes and electrons.
3 1.891 0.163 - 1.853 Transitions from EV,As2Se3 to the third quantum well level for electrons.
4 1.965 0.277 - 1.967 Transitions from EV,As2Se3 to the fourth quantum well level for electrons.
5 2.036 - - 2.015 Transitions from EV,As2Se3 to EC,Se
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Figure 4.6: The band structure (not to scale) used to calculate the energy levels in the
quantum wells following the Kronig-Penney model [22, 23], along with the transitions
from the energy levels, following the ∆n = 0 selection rule. These calculated transitions
are compared to measured results in Table 4.3.

from quantum confined levels of the superlattice structure. The first two transitions

are from the first and second energy levels, respectively, of the quantum wells for holes

and electrons. The third and fourth transitions are from the valence band of As2Se3

to the third and fourth energy levels, respectively, of the quantum well for electrons.

The fifth transition occurs from the valence band of As2Se3 to the conduction band of

Se. The observation of transitions due to confined levels shows that it was possible to

fabricate a well defined superlattice structure using rotational evaporation of Se and

valence band of As2Se3.

4.3 Optical and electrical band gap

There is a difference between the electrical and optical band gaps when results form

electrical and optical characterizations are compared. The electrical band gaps used

were 2.1 eV for Se determined from xerographic measurements [25], and 1.1 eV for

As2Se3 determined from Seeback measurements [26]. From ellipsometry measurements,
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the optical band gap of Se (1.97 eV) is smaller than the electrical band gap, while for

As2Se3 the electrical band gap is smaller compared to the optical band gap (1.69 eV).

The difference in optical and electrical band gap was treated in literature [27]. The dis-

cussion therein showed that the optical band gap is insensitive to potential fluctuations

compared to the electrical band gap. Short wavelength potential fluctuations are the

origin of localized states and thus affect the electrical properties significantly. However,

these localized states seem to have a much lower density compared to extended states,

and as such optical transitions between these localized states and extended states are

not observed. Thus the optical band gap is related to transitions only between extended

states whereas the electrical band gap includes localized states.

The difference in electrical and optical band gaps has a significant impact on the

superlattice structure of Se and As2Se3. The electronic energy structure of the super-

lattice was evaluated using Deep Level Transient Spectroscopy (DLTS) on a HERA

DLTS system [10]. The samples were measured in the temperature range from 140 K

to 300 K, with a filling voltage pulse of 5 V and a time window of 20.48 ms. The re-

sulting capacitance transient was Fourier transformed and the time constants obtained

from the resulting Fourier coefficients [28]. The time constants were then used to plot

Arrhenius plots which provide the energy levels. The results revealed two energy levels

at 0.533 eV from the conduction band of Se and 0.267 eV from the valence band of Se.

These energy levels were explained as defect level modulation and miniband formation

due to the superlattice periodic potential, and sequential tunneling transport from the

miniband level [9, 10]. Optical measurements using spectroscopic ellipsometry reported

herein showed transitions from quantized energy levels in the extended states of the

superlattice materials. A band structure can be visualized for the difference between

the optical and electrical gaps. If the band structure is referenced to a common Fermi

level, the electrical superlattice structure is different from the optical. Such a band

structure is shown in Fig. 4.7.
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Figure 4.7: A band diagram showing the superlattice structure of amorphous Se and
As2Se3. The band edges are shown using gradient shading to indicate the tailing of
states. The superlattice periodic potential results in quantized energy levels (Een,Opt
and Ehn,Opt) in the extended states and miniband formation in the localized states
(Ee1,Elec and Eh1,Elec),

Optical measurements only showed transitions from quantized energy levels (Een,Opt

and Ehn,Opt shown in Fig. 4.7) in the extended states of the superlattice materials, with

the transition from the miniband levels (Ee1,Elec and Eh1,Elec shown in Fig. 4.7) not

appearing. These results therefore suggest that the superlattice periodic potential

causes quantization in the extended states, and miniband formation with defect level

modulation in the localized states. As an ongoing investigation, the quantum well

width and superlattice period can be used as a caliper to change the quantization and

observe the impact on localized and extended states using a zoo of optical and electrical

measurements.

4.4 Conclusion

We studied the optical properties of amorphous Se superlattices using spectroscopic

ellipsometry. The amorphous nature of the deposited samples was confirmed using Ra-

man spectroscopy, and each type of sample, amorphous As2Se3, amorphous Se, and su-
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perlattice Se exhibited broad peaks as expected for amorphous materials. The samples

were then studied using spectroscopic ellipsometry to obtain their optical parameters.

These optical parameters were modeled using Cody-Lorentz oscillators. As2Se3 sam-

ples exhibited an optical band gap of 1.69 eV. Se samples showed an optical bandgap

of 1.97 eV. Superlattice Se samples showed a series of five steps of energy at 1.72 eV,

1.82 eV, 1.89 eV, 1.97 eV and 2.04 eV. The energy steps are due to the two-dimensional

density of states from the quantized energy levels in the superlattice structure. The

results of the spectroscopic ellipsometry study of the superlattice Se confirmed that

a well defined superlattice structure could be fabricated using amorphous materials

and simple fabrication methods of rotational evaporation. These results open a way

to simpler fabrication of novel nanostructures using amorphous, crystalline-amorphous

mixed-phase, and phase-changeable materials, along with characterization using ad-

vanced non-destructive methods like spectroscopic ellipsometry.
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Chapter 5

Transport properties of superlattice

amorphous Se *

*This chapter is based on the following publication:
John, J. D., et al., “Transport Properties of Se/As2Se3 Nanolayer Superlattice Fabri-
cated Using Rotational Evaporation.”Advanced Functional Materials, 2019, 29, 1904758.
https://doi.org/10.1002/adfm.201904758)

68



5.1 Introduction

Multi-material multi-layer amorphous Se based structures have already been success-

fully applied in a High-gain Avalanche Rushing Photoconductor (HARP) camera [1].

Recently, attempts have been made to utilize amorphous Se HARP features for ultra-

sensitive X-ray detection, which is essential for low-dose imaging [2, 3]. Features of the

HARP, such as the high detectivity for low intensity light and avalanche multiplication,

key to the success of the device, have been the subject of models like the Lucky Drift,

Polaronic-Supersonic Transformation and Cascade Multiplication [1, 4, 5, 6]. With

the exception of Cascade Multiplication, most models treat the amorphous Se as a

bulk material in which As2Se3 is only incorporated to stabilize the material against

thermal degradation. A bulk material of the same stoichiometry as the Se and As2Se3

layered structure does not exhibit photomultiplication [7]. However, Cascade Mul-

tiplication hints that the layered structure creates separate regions for acceleration

and for collision. So far, no physical interpretation with scientific evidence has been

presented. Herein, we investigate the device from the perspective that its layered struc-

ture, fabricated by rotational evaporation, qualifies it as a form of superlattice and/or

heterostructure and as such has to be analyzed using corresponding physics. Such an

understanding broadens the possible applications of these low-tech fabricated super-

lattices. For example, while conventional approaches are to use amorphous Se HARP

as the direct conversion absorber of X-rays, we see the superlattice Se as having more

effect as a blocking/selective transport layer and amplifier, easily attached to X-ray

absorbing materials such as perovskites, CdTe, Ge or Si, which have challenges with

dark/leakage currents and signal to noise ratio (SNR) [8, 9]. Herein we discuss the

transport characteristics, measured using variations of current with applied voltage

(I-V ) of superlattice Se deposited on n-type Si.
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5.2 Materials and Methods

Samples were fabricated on n-type Si substrates using a rotational evaporation system,

and characterized using TOF-SIMS and Raman spectroscopy as discussed in Chapter

2.

The samples were then characterized using Deep Level Transient Spectroscopy

(DLTS) to measure the energy level structure. A top contact of solidified Ag paste

was placed on the superlattice Se surface, with Al foil contact attached to n-type Si

side also using Ag paste. This sample structure was then connected as the device un-

der test on a FT1030 HERA DLTS system. The sample structure and measurement

schematic are shown in Fig. 5.1.

Figure 5.1: The samples structure and connection to the FT1030 HERA DLTS system.

The measurement was performed under dark conditions with a temperature scan

from 130 K to 300 K with the upper temperature limit chosen to stay below the

glass transition temperature of amorphous of about 318 K [10]. An initial capacitance-
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Figure 5.2: Fourier coefficients measured for superlattice Se on n-type Si substrate.

voltage (C-V ) measurement was taken to determine the direction of bias for the reverse

voltage. The reverse voltage VR was set to −5 V with the pulse voltage at 0 V and a

time window TW of 20.48 ms. The resulting Fourier coefficients, shown in Fig. 5.2, were

used to calculate the time constants and Arrhenius plots following the direct evaluation

methods detailed in literature [11, 12].

5.3 Results

Superlattices are expected to exhibit quantum well levels or minibands due to the

periodic structure. Using DLTS, we measured the energy levels of the occupied bands

of the Si/superlattice-Se device [13]. The measurement procedure also used Fourier
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Figure 5.3: Linear fit lines to the Arrhenius plot obtained from the DLTS spectrum.
The slopes of the lines give the minibands, E1 and H1, in the superlattice Se.

transformation of the measured transient, the analysis is presented in Appendix B. The

resulting Fourier coefficients were used to calculate the time constants and Arrhenius

plots following the direct evaluation methods detailed in literature [11, 12, 13]. The

results of the evaluations are shown in Fig 5.3. They showed two occupied minibands at

E1 = EC,Se−0.533 eV measured from the conduction band minimum of Se, and H1 =

EV,Se + 0.269 eV measured above the valence band maximum of Se. These occupied

levels play an essential role in the transport characteristics of the Si/superlattice Se

device when an external field is applied.

For I-V measurements, a contact of aluminium (Al) foil was placed on the super-

lattice Se film surface, with the Al foil contact attached to n-type Si side using silver

(Ag) paste. Both contacts exhibit practically Ohmic behavior. The I-V characteristics

of the superlattice Se samples were measured using a HP4140B controllable voltage
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source and pico-ammeter. Measurements under dark conditions were performed with

the sample enclosed in the HP 16055A test fixture dark box. The sample structure

and connection schematic are shown in Fig. 5.4 (a). Under dark conditions, the I-V

characteristics were measured for voltages from 0 V to +100 V and 0 V to −100 V.

The results are shown in Fig. 5.4 (b). They show that when the n-type Si is negatively

biased there is some oscillation in the I-V characteristic followed by an increase in the

current from about 45 V. For positive applied bias the oscillation in the I-V persists

longer with the exponential increase appearing at much higher applied field of about

85 V. The characteristic is asymmetric, showing about two orders higher current at

−100 V compared to +100 V.

The heterostructural asymmetry can be used to further investigate the effect of

injection rate on the I-V characteristics by applying a positive bias to the n-type Si

so as to foster minority hole transport. Then illuminating the n-type Si surface with

green light at 525 nm and power of 1 µW and 100 µW generates additional holes from

photons absorbed in the n-type Si. The results are shown in Fig. 5.5.
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superlattice-Se

Al contact attached 
with Ag paste
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conductive acryl glue
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Figure 5.4: (a) The samples structure and connection schematic for I-V measurements
of the superlattice Se device, and (b) the I-V characteristics of the superlattice Se
device measured under positive and negative bias. The characteristic shows regions of
oscillation where current decreases as the applied voltage increases.
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Figure 5.5: I-V characteristics of the superlattice Se device, with the n-type Si dark,
and illuminated by green light (525 nm) at 1 µW and 100 µW. The number of peaks
of oscillation is decreasing as the light power increases.

They show that the number of peaks decreases as the intensity of the light increases.

The threshold voltage where the exponential increase in current begins is also lower

for higher intensity light, about 70 V under 1 µW illumination and about 35 V under

100 µW illumination.
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5.4 Discussion

The observations can be explained using a model adapted from the Metal-Insulator-

Vacuum (MIV) and Schottky barrier models described in references [14, 15]. In these

models, current transport is controlled by injection from back contact. In our case,

there are two back contacts: first is the n-type Si back contact of the whole superlat-

tice Se; and second, the occupied bands of individual quantum wells. The observed

characteristics are an interplay between the rate of injection from the n-type Si and

the rate of emission from occupied quantum well bands, as illustrated in Fig. 5.6.

The structure in flatband condition is shown in Fig. 5.6 (a). The band structure

and Fermi level of Se were determined from Ultraviolet Photoelectron Spectroscopy

(UPS), giving EF,Se = 0.8 ± 0.1 eV, comparable to values obtained in literature [16].

The Fermi level of As2Se3 was taken to be at the mid-gap as expected for chalcogenides

[17, 18]. The periodic structure was then calculated using Anderson’s rule, assuming

that the Fermi level between the materials will be common since thermal equilibrium is

achieved by carriers diffusing and/or tunneling across interfaces. This gave the periodic

structure onto which the energy levels measured from DLTFS are visualized.

The initial conditions for the transport process are as follows. A field at the n-

type Si back contact is established by leakage current due to residual tunneling and/or

thermal generation, resulting in injection of carriers into the superlattice Se. As an

external field is applied, the rate of injection increases, with carriers gradually filling

unoccupied bands in the quantum wells of the superlattice Se. Simultaneously, the field

causes barrier shifts and band bending on the Se barriers, with the As2Se3 quantum

wells containing occupied bands behaving as a source of carrier injection, much like

metals in metal/p-type semiconductor barriers.

By applying a negative bias to the n-type Si, the whole device is under forward bias,

including individual quantum wells. This means that the barrier for electrons emitting

to Se is reduced as more field is applied. Each level in the quantum well has a different

barrier, with the highest bands having the lowest barrier height. Therefore, under a
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Figure 5.6: (a) The band diagram of the superlattice Se with the energy levels of
the minibands obtained from DLTFS measurements, (b) the superlattice Se device
with the n-type Si side under positive bias, with one region affected by a spontaneous
high-field domain which breaks the miniband, and (c) the same region with holes
tunneling though the Se barrier. Part (d) show the high-field domain spread over
multiple quantum wells at high applied fields.
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low rate of injection from n-type Si, emission will begin from the highest occupied

band. This process occurs at each quantum well and cascades across the superlattice

Se. As the field is increased, there is an exponential increase in the injection leading

to an exponential increase in current flow.

For positive bias on the n-type Si the whole device is in reverse bias, including the

individual quantum wells. In this case the band bending narrows the width of the

barrier for holes tunneling into Se, as illustrated in Fig. 5.6 (b) and (c). The lowest

occupied band has the highest tunneling probability. As the field increases across the

structure, the tunneling probability increases and holes increasingly tunnel through the

barrier resulting in an exponential increase in current flow.

The oscillation seen in the I-V characteristics (Fig. 5.4(b)) emanates from the ap-

pearance of high-field domains in the superlattice structure [19]. As a uniform field

is applied across the device, a high-field domain will appear in some regions of the

structure due to slight variations in the material distributions or random noise fluctu-

ations. The region of the high-field domain will take a large proportion of the applied

field and hence the cascade tunneling described before happens predominantly in this

region. Figs. 5.6 (b) and (c) show one such region covering a single quantum well.

The result is that there is a spike in the current the moment this phenomena happens.

However, as the region is more conductive, the field relaxes. Nevertheless, the applied

field also increases and the high-field domains will spread to other regions where the

phenomena is repeated and more spikes appear in the I-V characteristic at increasing

voltages (Fig. 5.6 (d)).

The number of peaks can be related to the number of such active regions of the

quantum well structures. In this case this is the number of times the high-field domain

activates some regions before the field is high enough for back contact injection to

cause an exponential increase in the current. From I-V measurements of 2 µm samples

(about 125 quantum wells) under positive bias there are about 12 - 14 peaks in the I-V

characteristics. This suggests that the high-field domain appears 12 -14 times, over
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one or more quantum well structures. Investigations are underway using methods such

as Electron Beam Induced Current (EBIC) to verify these numbers. Nevertheless, a

reasonable speculation is that the number of active regions of quantum wells is statis-

tically related to the total thickness of the device with direct proportionality. Above

a certain threshold, the applied field drives the back contact injection to exponential

levels such that the conduction supersedes the cascade tunneling and thus the oscilla-

tions disappear. In the I-V characteristics of Fig. 5.4 (b) these thresholds are at about

45 V for negative bias and 85 V under positive bias.

The asymmetry in the I-V characteristics for positive compared to negative applied

bias is explained by the difference in concentrations of majority and minority carriers in

the n-type Si and their respective barrier heights with the superlattice Se. When the n-

type Si is negatively biased, the majority electrons are driven towards the superlattice

Se. Under low fields the barrier between n-type Si and superlattice Se is large such

that there is a very low injection of electrons into the superlattice Se. As more field

is applied, electrons will eventually be able to overcome the barrier and the injection

rises exponentially since there is an excess of majority carrier electrons. After injection

the carriers undergo the previously described cascading transport.

In the case of the n-type Si being positively biased, it is the minority holes that are

driven towards the interface with the superlattice Se. These holes also face a barrier,

which is lowered by the applied field, thereafter which the holes tunnel and cascade as

discussed before. However, the minority carrier concentration is limited such that the

injection rate remains low for longer before the exponential increase.

When the sample is illuminated, the light is expected to generate electron-hole

pairs from photons absorbed in the n-type Si. The electron-hole pair is separated by

the applied field and the hole drifts into the superlattice Se as described before. The

illumination allows control of the injection rate by increasing the available minority

holes. As is seen in the results in Fig. 5.5, as the intensity of 525 nm incident light

increases from dark to 1 µW to 100 µW, there is an increase in holes and hole injection
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results in the reduced number of oscillations, as well as the appearance of the exponen-

tial increase at much lower applied fields, as similarly observed for the majority carrier

electrons.

For photo-detector applications, the heterostructural asymmetry is of interest for

its blocking features, which are useful particularly for positive bias on the n-type Si.

Using the same size contacts in terms of area, we measured at room temperature the

resistivity of n-type Si and obtained a value of 9 Ωcm. The same procedure was per-

formed for n-type Si with 2 µm superlattice Se and an effective resistivity of 2 ×1012

Ωcm was obtained. This suggests that the superlattice Se provides blocking features

due to its well and barrier structure. In this case there is larger barrier for majority car-

rier electrons as more field is applied, both for the Si/superlattice Se interface and for

individual well-barriers in the superlattice Se. This blocking of majority carriers means

a reduced dark current and consequently low noise performance in photo-detector de-

vices even at room temperature. Additionally, the asymmetry is known to improve

photoconductivity by separating in space, the photogenerated holes from the electrons

so that holes have a longer lifetime [20, 21].

Another well established and important feature of the superlattice Se device is

avalanche multiplication, which gives the device inherent amplification capabilities.

There have been attempts to explain these features using the Lucky drift model,

Polaronic-Supersonic Transformations and the Cascade Multiplication model among

others [4, 5, 6]. Here we highlight that Cascade Multiplication provides a clearer un-

derstanding of the origin of the avalanche features. The band arrangement of the

superlattice predicts that under an applied field, generated holes become “hot” when

they move from As2Se3 to amorphous Se and these hot holes are more likely to impact

and ionize, producing a carrier multiplication. The superlattice model then clarifies

why there is an exponential increase for higher applied fields. At low fields, the holes

generated by impact ionization are “stuck” inside quantum wells and can only trans-

port through sequential tunneling, which manifests as regions of negative resistance
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and oscillations in the I-V characteristic. At high fields the barrier height for holes in

the quantum wells is reduced such that they are able to overcome the barrier. Once

over the barrier these holes also become hot when they move from As2Se3 to amorphous

Se where impact ionization occurs. However, for high fields the holes from impact ion-

ization also have a lower barrier height and continue the impact and ionization process

resulting in an exponential increase. This gives a clear explanation along with evidence,

for the phenomena suggested in the Cascade Multiplication model. It should therefore

be possible to achieve variable amplification based on the number of active wells and

barriers.

5.5 Conclusion

In conclusion, we investigated the electronic transport features of superlattice Se by

measuring the I-V characteristics. The results showed oscillation in the I-V char-

acteristics, a feature associated with sequential tunneling in superlattice structures.

Measurements under illumination with visible light showed a reduction in the number

of oscillation peaks as the intensity increased. The observations were explained by

considering injection in a reverse bias Schottky barrier adapted for a series of well and

barrier structures. The explanation also clarified the occurrence of avalanche multi-

plication which had been outlined earlier in the Cascade Multiplication model. The

superlattice structure shows useful blocking and amplification features, which means

it could be used as an “add-on” structure to photo-detector films. We are particu-

larly interested in ultra-sensitive X-ray detectors and are investigating the effect of the

“add-on” superlattice Se on Si as the X-ray absorbing film. The results discussed in

this report already shows that such a device has low dark current due to its blocking

capability, which makes it possible to obtain high SNR. With X-ray illumination, even

though the attenuation depth of Si is limited, we expect significant photoconductivity

from the amplification features of the “add-on” superlattice Se. Given that the struc-

ture is fabricated by rotational evaporation, we expect that superlattice-Se will be an
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essential component to many types of wide area photo-detector materials such as CdTe

or perovskites, significantly improving their SNR, and bringing closer the possibility of

low dose, ultra-sensitive X-ray imaging.
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Chapter 6

Quantum device designing for

future semiconductor engineering
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6.1 Introduction

From the diode, transistor, thyristor, to the superlattice of Esaki, there is a trend

that as the layers of a semiconductor device are increased, so does the functionality

[1, 2, 3, 4]. Capasso proposed that this multiplicity of layers and materials presents

opportunities to engineer the band structure of semiconductor structures and thus cus-

tomize the features as required by applications [5]. Nevertheless, this form of band

engineering usually requires selection of lattice-matched materials, and fabrication by

Molecular Beam Epitaxy (MBE) or Atomic Layer Deposition (ALD), meaning there is

a high technological barrier for widespread application of the concept. We explore a

different design approach, using amorphous materials with no need for lattice match-

ing, and fabrication using the technologically simple method of rotational evaporation.

We adopted well-established amorphous materials Se and As2Se3 which have been

applied for high sensitive photo-detectors and flat panel X-ray imagers [6, 7, 8]. In

previous work, we showed that the multi-layer structure of amorphous Se and As2Se3

exhibits quantum features of confined energy levels and oscillations in current-voltage

(I-V ) characteristics, and showed that the carrier multiplication in these devices is

related to the multi-layer structure [9, 10]. We presented a model that explained the

transport properties as emanating from (1) generation in the absorbing material, and

injection into the superlattice Se, (2) transport via sequential tunneling across Se barri-

ers, and (3) energy gain at band discontinuities and impact ionization [11]. The model

is summarized in Fig. 6.1. Based on this model we create a design paradigm for photo-

detectors where the photon absorbing material is chosen depending on the application

wavelength, and the multiplication factor is determined from the desired application

sensitivity *.

*Patent pending Number PCT/JP2020/032600
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Figure 6.1: The band diagram of the superlattice Se structure under an applied field.
The transport process is initiated by (1) photo-generation in the absorbing material
(for example Si) and injection into the superlattice Se, (2) quantum tunneling across
Se barriers and ballistic transport, (3) energy gain at band discontinuities, and impact
ionization.
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6.2 Design

The model presents design options for the absorbing material and the multiplication

factor. Depending on the wavelength, the appropriate photon absorbing material can

be chosen. Photon absorption spectra can be used to determine the optimum choice of

material, for example InSb for infrared, Si for visible light, or Ge or high-Z materials

for X-ray detection. For noise blocking, this material must either (1) have a narrow

band gap such that its Fermi level aligning with that of Se leaves a sufficiently high

barrier to block electrons entering the superlattice Se, or (2) be n-doped so that the

Fermi level once again aligns leaving a high barrier for electrons. For carriers in the

absorbing material, there are at least two possible ways for carriers to transit into

the superlattice Se, either by thermionic emission over the Se barrier, or by quan-

tum tunneling across the barrier via internal field emission. A band structure of the

absorbing material/superlattice Se heterojunction can be drawn following Anderson’s

rule and assuming a common Fermi level from a thermal equilibrium achieved by car-

riers distributing by diffusion, residual tunneling and random thermal generation [12].

Thermionic emission follows a probability exp(− Φ
kBT

), while for internal field emis-

sion, the tunneling probability follows exp(−Φ
3
2

F
), where Φ is the barrier height, kB

is the Boltzmann constant, T is the absolute temperature, and F is the applied field

[13, 14]. We consider the cases for both electrons and holes with the device under dark

conditions and under illumination on the n-type Si side.

Under dark conditions, electrons in the conduction band of the absorbing material

face a high barrier according to the band structure of Fig. 6.1, meaning a low probability

of thermal emission at 300 K. The tunneling probability is also low even as the applied

field increases. When the applied field is positive, this has an effect of increasing the

barrier for electrons even further (Fig. 6.1). Therefore the injection of electrons into

the superlattice Se is significantly blocked. In this way, superlattice Se can act as a

blocking layer, reducing the effect of thermal noise generated electrons.

On the other hand, minority holes in the valence band encounter a relatively small
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barrier, which means holes are significantly injected into the superlattice Se largely

by thermal generation. When the absorbing material is irradiated, electron hole-pairs

are generated. As in the case under dark conditions, the photo-carrier electrons are

blocked, while photo-generated holes are injected into the superlattice Se. This has

the effect of separating in space, the transport of holes from that of electrons [15, 5].

In the periodic structure, a situation analogous to the absorbing material/Se barrier

obtains at each interface of the As2Se3 quantum well to Se barrier. With reference to

Fig. 6.1, and assuming occupation of the lowest energy level only, electrons at that

level face a high barrier (0.533 eV from DLTS measurements), which means a low

probability of thermal emission and tunneling when a positive bias is applied. Holes

have a comparatively lower barrier (0.269 eV from DLTS measurements) for both

thermal emission and tunneling [11]. Since the tunneling probability increases with

applied field, it more likely that holes will transit through the barrier by quantum

tunneling through internal field emission.

From the model it follows that the multiplication factor, M , is related to the number

of Se barriers, N , encountered during the sequential tunneling transport process. This

relationship can be expressed as M = kN , where k is a parameter describing some

physical properties of the superlattice, which will be discussed later. Assuming a

uniformly distributed field across the superlattice Se, and one impact ionization event

at each barrier then M = N and k = 1. For this case, we define a threshold field which

can be estimated by considering the mean free path between collisions, the tunneling

distance, barrier, height, and barrier width (6 - 9 nm) [16, 10]. The mean free path for

amorphous Se is reported to be about 2.6 - 6 nm [17, 18]. Using the lower limit of the

mean free path, and taking a barrier height of about 0.269 eV, the threshold field is ≈

42 ×106 Vm−1.

Generated carriers will also take a time t to transit through the superlattice Se

structure. This transition time is also related to the number of layers in the superlattice

Se. The transition time t = L
vd

where vd is an average drift velocity and L is the total
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thickness of the superlattice. Since the wells and barriers have similar width l, the

total thickness can be expressed as L = 2Nl. Thus the transition time also depends on

the number of Se barriers, N . This implies that there is a trade-off between M and t,

such that increasing M by increasing the number of layers will also increase the transit

time, thereby lowering the device response time. There is therefore need to optimize

the performance with regards to sensitivity and response time.

Using the procedure above, we designed and fabricated a quantum-tunneling-assisted

multiplication photo-detector (QMAP) for 525 nm 100 µW light. Based on absorption

spectra, and electron blocking considerations we chose n-type Si as the absorbing ma-

terial. A model of the device is shown in Fig. 6.2. Light is incident on the n-type Si

side, and absorption occurs in the Si. The absorption profile in Si can be calculated

using the Beer-Lambert law

I

I0

= exp (−αSix) (6.1)

where x is the depth of penetration into the Si. For 525 nm light, the absorption

coefficient αSi = 8320.5 cm−1[19]. The absorption profile is shown in Fig. 6.3. The

majority (99 %) of the photons incident onto the surface of the Si are absorbed within

the first 10 µm.

The resulting carriers will then be transported by drift and diffusion mechanisms.

We are interested in the drift and diffusion of minority carrier holes towards the su-

perlattice Se. For a hole generated at a depth x in the absorbing material of total

thickness L, the collection efficiency due to drift of photogenerated holes at the super-

lattice surface can be calculated from the Hecht formula [8, 20]

CPdrift(x) =
µh,Siτh,SiFSi

L

[
1− exp

(
− L− x
µh,Siτh,SiFSi

)]
(6.2)

Here µh,Si and τh,Si are the mobility and the lifetime for the minority holes, respec-

tively [13]. To estimate the field in Si, FSi, we assumed the sample structure as a

series resistance connection between Si and the amorphous Se superlattice as shown
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in Fig. 6.2. The superlattice Se has a high resistivity (≈ 1 GΩ·cm) compared to the

absorbing material Si (≈ 10 Ω·cm for n-type Si). Considering these resistivities and the

dimensions of the materials, at an applied voltage of 100 V across the whole device, the

voltage distributed in the Si is VSi ≈ 10µV. As such, the majority of the applied field

is distributed across the superlattice Se. The collection probability for holes generated

within nanometer depths from the surface in the Si to reach the superlattice interface

due to drift is ≈ 0.01 %.

For diffusion, assuming a zero surface recombination velocity, a collection proba-

bility can be calculated indicating how likely a carrier generated at a depth x will be

collected at the boundary of a material with a total thickness L [21]:

CPdiffusion(x) = exp

(
−(L− x)

LDiff

)
(6.3)

where LDiff =
√
Dh,Siτh,Si is the diffusion length, Dh,Si is the diffusivity of minority

holes in Si, and τh,Si is the lifetime for the minority holes. The diffusivity Dh,Si is

calculated from the Einstein relation, and the lifetime τh,Si =2.5 ×10−3 s [13]. The

collection probabilities of carriers generated within the first 10 µm from the surface of

incidence are shown in Fig. 6.4. Carriers generated within nanometer depths from the

surface have a probability of over 0.74 of reaching the boundary with the superlattice

Se. Carriers that reach this boundary have a chance to be injected into the superlattice

where carrier multiplication phenomena happen.

A band structure of the n-type Si/superlattice Se heterojunction was drawn follow-

ing Anderson’s rule and assuming a common Fermi level from a thermal equilibrium

achieved by carriers distributing by diffusion, residual tunneling and random thermal

generation. Figure 6.5 shows the band structure for n-type Si and superlattice Se in

flat band condition. The Fermi level of the n-type Si was calculated from the resistivity

(5 Ω·cm) and doping type, that of Se was determined from ultraviolet photo-electron

spectroscopy (UPS) at 0.8 eV, and that of As2Se3 at the mid gap [11, 22, 23].

For a multiplication gain ofM = 12, with a barrier width of 8 nm, the total thickness
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following from M = kN was 200 nm, taking k = 1. Similarly, to obtain a gain of

M = 125, 2 µm superlattice Se is required. Thus, samples of n-type Si/superlattice Se

with superlattice Se total thickness of 200 nm and 2 µm were fabricated using classical

rotational evaporation and then characterized using current voltage (I-V ) and current

time (I-T ) measurements.

6.3 Materials and Methods

Using rotational evaporation technique, samples with multi-nanolayers of amorphous

Se and As2Se3 were fabricated. Details of the rotational evaporation process can be

found in Chapter 2 [24].

6.3.1 n-type Si substrate preparation

The substrates were 10 mm square dices n-type Si (100), 5 - 8 Ω·cm, single side polished

wafers. The Si substrates were cleaned in an ultrasonic bath using acetone, methanol

and de-ionized water, and then immersed in 25 % diluted HF to remove surface oxide.

The cleaned Si substrates were then attached to circular glass holders and placed into

the rotational evaporation system, with the mirror polished surface as the target for

deposition.

6.3.2 Rotational evaporation

The evaporation chamber was immediately pumped to high vacuum. When the target

chamber pressure of 10−6 Torr was reached, the turntable holding the substrates was

rotated at 80 rpm, so that the substrates trace a circular path, passing over two heated

boats containing the evaporating materials. Using boat shutters, the deposition was

controlled so that the first layer deposited on to the substrates was Se, as well as

stopping the deposition when the target total thickness was reached. The deposition

thickness was measured using a crystal oscillator which traced the same circular path
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as the samples. In this way, samples with target thicknesses of 2 µm and 200 nm were

fabricated.

6.3.3 Current-voltage (I-V ) and current-time (I-T) measure-

ments

Current-voltage (I-V ) and current-time (I-T ) characteristics were then measured for

each type of sample after making electrical contacts to the samples using a W whisker

to the n-type Si side and a 2 mm square graphene on Cu pad to the superlattice Se side.

Given the temperature sensitivity of amorphous Se, which changes to crystalline phase

at temperatures above 320 K, it was necessary to find a material that makes good

ohmic contact without needing thermal annealing. Graphene has been reported to

show good ohmic contact as an inserted contact in heterostructure device [25, 26]. We

used a 2 mm square Graphenea CVD graphene on Cu pad to contact the superlattice

Se side. To verify the nature of the contact, two graphene on Cu pads 1 mm apart were

used as contacts to amorphous Se grown on quartz glass. The schematic of the setup is

shown in Fig. 6.6. With this setup, I-V characteristics were measured on the HP4140B

with voltages varying from −100 V to +100 V. The results are shown in Fig. 6.7. The

current varies linearly with voltage, confirming a practically Ohmic contact between

the graphene and the amorphous Se.

The n-type Si/superlattice Se samples were contacted using a W whisker on the

n-type Si side and graphene on Cu on the superlattice Se side, and the device I-V

characteristics measured on the HP4140B system. The measurement setup schematic

is shown in Fig. 6.8. The 200 nm superlattice Se samples were measured with voltages

varying from 0 V to +10 V in 0.1 V steps. The 2 µm samples were measured from 0

V to +100 V in 1 V steps.

With the same contacts, the sample I-T characteristics were also measured by

streaming pulses of 525 nm 100 µW light on to the n-type Si side. The pulse stream

was obtained by chopping the light from the laser diode using a rotating disk with a 3
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mm through hole, with the disk rotating at 7200 rpm. The pulse duration was 89.51

µs. The schematic of the I-T measurement setup is shown in Fig. 6.9. The variation

of output current with time was measured on an Agilent 54624A oscilloscope. The

applied voltage across the sample was varied from +6 V to +10 V in 1 V steps for 200

nm samples, +60 V to +100 V in 10 V steps for 2 µm samples.

6.4 Results and Discussion

Samples of n-type Si/superlattice Se were characterized using I-V measurements under

dark conditions and with the sample illuminated by a 100 µW 525 nm light. The

results are shown in Fig. 6.10. There is a clear distinction between current in dark

conditions and under illumination for both types of samples. This difference appears

to be larger for the 2 µm samples compared to 200 nm. Under illumination, the I-

V characteristic for the 2 µm sample also exhibits “steps” at 29 V and 40 V. These

“steps” are associated with tunneling of carriers from occupied quantum well levels.

Carriers photo-generated in the Si are injected into the superlattice where they occupy

energy levels from the lowest one first. As the applied bias increases, the probability

of tunneling across the triangular barrier increases. We calculated the energy levels,

assuming the longest tunneling distance of 8 nm at each applied field, giving energy

levels at 0.134 eV and 0.09 eV from the bottom of the As2Se3 quantum well for 29 V and

40 V applied bias respectively. The energy levels in the superlattice can be calculated

using the Kronig-Penney model, taking the effective mass for holes at 0.27m0 and

valence band discontinuity ∆EV = 0.25 eV, giving levels at 0.016 eV, 0.064 eV, 0.141

eV and 0.236 eV. Levels measured from the I-T characteristics are relatable to the levels

calculated using the Kronig-Penney model at 0.064 eV and 0.141 eV respectively. At

45 V, the current feature resembles a series resistance limited model, where emission

is now occurring from all occupied levels and the current is now only limited by the

material transport characteristics. Similar “steps” could not be observed clearly in 200

nm samples. We speculate that for the same photon rate and injection, the narrower
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superlattice had a reduced number of available states such that all energy levels were

occupied, and the transport characteristic became dominated by thermionic emission,

thus could not exhibit any tunneling emission features.

The samples were also characterized using I-T measurements by sending a stream

of 100 µW 525 nm light pulses to the n-type Si side and measuring the output voltage

at the output of a transimpedance amplifier with a 1 MΩ feedback resistor. The

results are shown in Fig. 6.11. The results show the output voltage increasing in

response to an incident pulse, and decaying after the pulse is released. For both

samples, the magnitude of photo-response gets larger as the applied voltage across the

sample increases. However, the 200 nm sample shows the dark current also increasing

with applied voltage, in contrast to the 2 µm sample where the dark current remains

low.

From these results, the multiplication factors for the 200 nm and 2 µm superlattice

Se, M200nm and M2µm respectively, were calculated using M = ∆I
qN0

. Here ∆I is the

difference between the dark current and photon induced current, N0 is the number of

photons.

The multiplication factors for 200 nm superlattice Se, M200nm, and 2 µm superlattice

Se, M2µm, (about 12 and 125 Se barriers respectively) are shown in Fig. 6.12.

M200nm, and M2µm are both greater than 2 from about 4× 107 Vm−1 indicating a

sufficient field to trigger multiplication events in at least one barrier of the superlattice.

At the highest applied field of 5 × 107 Vm−1 during the measurements, M200nm, and

M2µm are 11 and 48 rounded to the nearest integer, respectively. This gives k200nm

of 0.916, and k2µm of 0.384. A k2µm which is significantly less than one suggests that

multiplication events did not occur at most of the Se barriers. This can be explained

by variations in the field distribution across the comparatively thicker superlattice Se.

The appearance of static domains which cause uneven field distributions in superlat-

tice structures has been discussed in literature [4, 27, 28]. These high field domains

are often associated with non-uniformity in the structure of the superlattice. In our
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case these may be small nanocrystal phases at interfaces or in some layers. As such,

the parameter k may contain information on these non-uniformities which may be

remedied by better fabrication methods. Having k200nm close to 1 offers some support

for this notion, reasonably assuming that in fabricating a fewer number of layers, the

probability of irregularities between layers was reduced. Further investigation into the

distribution of the field in the superlattice Se using methods such as cathodolumines-

cence spectroscopy or electron beam induced current (EBIC) is planned. We also are

interested in characterizing multiplication factors for superlattice devices fabricated

using a range of fabrication techniques, among them, high precision methods such as

molecular beam epitaxy (MBE).

We thus expect that an ideal k ≥ 1 if the field is evenly distributed, or modified such

that some barriers perform at much higher multiplication rates. A realizable approach

to controlling field in the superlattice is to add a third terminal along the transport

axis of the superlattice. Such a terminal has to be carefully designed so that it does

not inject additional carriers into the superlattice. If the multiplication factor can be

controlled by a third electrode then the device can be configured for automatic gain

control. Cases in which k ≥ 1 imply that a certain multiplication factor M can be

achieved for less number of layers N , which would reduce the device form factor.

The transit time for carriers across the superlattice Se was estimated from the decay

of the transient when the light pulse is removed. The transit time was measured as

the time it takes for the current to reduce to half its value from the time the light

pulse was removed. The results of the decay times are shown in Fig. 6.12 (a). As

the applied field is increased, the decay times decrease, indicating a faster response.

This is due to an increase in the drift velocity vd since it is related to applied field

E and mobility µ as vd = Eµ [13]. The decay times are longer for the thicker 2 µm

superlattice Se samples compared to the 200 nm samples. There is therefore a trade-

off between getting a high multiplication factor by increasing the layer numbers, and

the response time of the device. This is shown in Fig. 6.12 (b), where for the same
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multiplication factor, say 10, the 200 nm sample has a response time which is about 1.5

times faster compared to the 2 µm sample. Thus the device design can be optimized

for performance both in terms of multiplication factor and response time. Again, the

trade-off in response time suggests that thinner samples would offer better performance

if k ≥ 1 with an additional advantage in form factor. We are investigating further the

components contributing to the parameter k, as well as the possibility of controlling

and increasing it.

We are investigating further the absorbing material, considering direct band gap

materials such as GaAs and InSb and how this affects detection efficiency for visible and

infrared light. We are also exploring high-Z materials such as CdTe and perovskites,

towards detection of high energy photons. We also expect the superlattice structure

to provide significant improvements in noise performance and signal multiplication if

it can be added to standard p-n and p-i-n photodetector structures. This makes the

superlattice a solid state amplifier, analogous to photomultiplier devices.

6.5 Conclusion

Based on the sequential quantum tunneling model for superlattice Se, we developed

a design method for achieving a desired performance. Using M = kN , the device

multiplication gain, M , can be predetermined by selecting the number of layers in the

superlattice, N . However, as the number of layers increases, so does the transition

time. The quantum tunneling assisted multiplication phenomenon discussed provides

a platform for engineering the device performance characteristics. The additive nature

of the superlattice Se means that there are many choices for the absorbing material,

which can be chosen based on application. We are currently exploring devices us-

ing n-type Ge/superlattice Se for X-ray detection. In general, for photoelectronics

applications, after link budget analysis determining the required detector operating

wavelength and sensitivity, the photo-detector matching the required performance by

providing the appropriate read out signal level can be optimally fabricated. If a third
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terminal is added along the transport axis the multiplication gain could be controlled.

Additionally and it also makes possible a quantum tunneling assisted transistor with

high input impedance and customized gain. Another possible application is in opto-

electronic switches where the sensitivity and response times can be customized. There

are still issues with non-uniformities in structure and field distribution which are be-

ing investigated further. Nevertheless, the design method outlined herein provides a

platform for applying quantum effects to device designing, and obtaining additional

functionality from semiconductor devices even with technologically simple fabrication

methods and materials. We hope this discussion reinvigorates investigations into band

engineering techniques and inspires the engineering of practical quantum features for

semiconductor devices.
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Figure 6.2: A model for the n-type Si/superlattice Se device showing regions of absorp-
tion and transport of the photo-generated carriers. The device is taken as an equivalent
circuit of two resistors connected in series.
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Figure 6.3: The absorption profile of 0.5 mm Si for 525 nm light (absorption coefficient
α = 8320.5 cm−1). 99 % of the absorption occurs within 10 µm from the surface of
incidence.
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Figure 6.4: The minority carrier collection probability for holes generated in 0.5 mm
thick n-type Si within 10 µm from the surface of incidence. Here, collection refers to
the holes traversing to the boundary with the superlattice Se.

Figure 6.5: The band structure of the n-type Si/superlattice Se structure under flat
band conditions.
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Figure 6.6: Set up to verify the graphene/amorphous Se contact. Two graphene on
Cu pads 1 mm apart were used as contacts to amorphous Se grown on quartz glass,
and current-voltage (I-V ) characteristics measured with voltages varying from −100
V to +100 V. The results are shown in Fig. 6.7

Figure 6.7: Current-voltage (I-V ) characteristics measured for graphene on Cu contact
to amorphous Se showing Ohmic contact between graphene and amorphous Se.
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Figure 6.8: Schematic of the current-voltage (I − V ) measurements of n-type
Si/superlattice Se samples on the HP4140B system. The n-type Si side was contacted
using a W whisker, and the superlattice Se was contacted using graphene. I-V char-
acteristics were measured under dark conditions and under illumination with 100 µW
525 nm light.
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Figure 6.9: Measurement of current-time (I-V ) characteristics by streaming pulses of
525 nm light onto the n-type Si side and measuring the output current variation on
an Agilent 54624A oscilloscope. The measurements were done with the samples at an
applied bias, +6 V to +10 V in 1 V steps for 200 nm samples, +60 V to +100 V in 10
V steps for 2 µm samples.
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Figure 6.10: Current-voltage I-V characteristics measured for n-type Si/superlattice
Se (a) 200 nm superlattice Se, and (b) 2 µm superlattice Se samples under dark con-
ditions and irradiated by a 100 µW 525 nm light.
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Figure 6.11: Current-time (I-T ) characteristics measured for n-type Si/superlattice
Se (a) 200 nm superlattice Se, and (b) 2 µm superlattice Se samples with the n-type
Si side illuminated by a stream of pulses of 100 µW 525 nm light.
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Figure 6.12: (a) The multiplication factors and decay times for n-type Si/superlattice
Se samples with 200 nm and 2 µm thick superlattice. The multiplication factor is larger
for the thicker samples, while the decay times are longer for thicker samples. In (b),
the multiplication gain M is shown against the decay time. For a similar M between
the 200 nm and 2 µm superlattice Se, the decay time is longer for the thicker sample.
In both figures, the lines joining the points are to guide the reader’s eye, and do not
represent intermediate values.
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Chapter 7

X-ray detector device based on the

amorphous Selenium superlattice
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7.1 Introduction

In the current Covid-19 pandemic, X-ray imaging has proved to be a useful modal-

ity for monitoring the progression of the disease in the patient’s chest as the patient

undergoes treatment [1, 2, 3]. In such cases, repeated measurements are necessary

in short spans of time to track the progression of pneumonia symptoms and provide

effective treatment to patients. However, such accumulated exposure to X-rays is risky

due to the ionizing nature of the radiation, with a likely increase in the prevalence of

cancer. Therefore, it is necessary to reduce the total exposure by reducing the dosage

per reading from the X-ray source. This is only possible if the corresponding detector

is sensitive enough to produce a good quality signal for the reduced number of source

photons. Direct conversion detectors, which directly convert incident X-ray photons

into charges, offer improvement in sensitivity and response [4, 5]. Amorphous Se is

one of the well established materials for direct X-ray detection, and has been applied

for practical flat panel X-ray imagers (FPXI) [6, 7]. Progress is being made in de-

veloping high-Z materials and perovskite based detectors [8, 9, 10, 11]. Nevertheless,

conventional materials Si and Ge are still significant for developing practical devices.

We have developed a design paradigm for photo-detectors where the photon absorb-

ing material is chosen depending on the application wavelength, and the multiplication

factor is determined from the desired application sensitivity*. A detector can then

be optimally fabricated using the appropriate absorbing material and the appropriate

number of layers of the superlattice Se. We apply this method to design a sensitive

detector for X-rays by considering the appropriate absorbing material and the required

noise suppression and signal gain to successfully detect X-rays.

A lowered X-ray dose requires that its signal be resolvable above the dark current

noise. For this reason, devices using high purity mono-crystalline intrinsic semicon-

ductors are preferable, for example high purity Ge (HPGe) [4]. We consider Ge as

the absorbing material due to its comparably high attenuation factor for X-rays with

*Patent pending Number PCT/JP2020/032600
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energies below 100 keV. Fig. 7.1 shows the linear absorption coefficients of 0.5 mm

thickness Si and Ge up to 100 keV using data from the National Institute of Standards

and Technology (NIST) database [12]. Ge is also preferable since it is a ‘conventional’

material, with well established methods of purification and fabrication such that high

purity mono-crystalline forms of the material are reasonably available. Conventional

materials may also allow fabrication, on the same wafer, of other passive and active

components for readout and signal processing.

For a detector device fabricated using Ge, the dark current performance can be

improved by cooling, since the intrinsic carrier concentration, ni ∝ exp( EG

2kBT
) where EG

is the band gap, kB is the Boltzmann constant and T is the absolute temperature [4, 13].

If however, the majority carrier concentration ND can be blocked, then the dark current

emanates from the minority carriers. In this case, the noise can be lower compared

to that caused by intrinsic carriers. For an n-type semiconductor, the minority carrier

concentration, p0 =
n2
i

ND
, at equilibrium, where ni is the intrinsic carrier concentration

and ND is the dopant concentration [13]. For n-type Ge at 300 K, with ND = 2.48×1014

cm3 (measured from Hall effect), p0 is one order lower compared to ni. Thus an effective

blocking structure could significantly improve the noise performance. We consider the

superlattice Se structure as a blocking device [14]. Using Anderson’s rules, a band

structure of the n-type Ge/superlattice Se device was drawn, assuming a common

Fermi level from a thermal equilibrium achieved by diffusion, residual tunneling and/or

random thermal generation [15]. The Fermi level of the n-type Ge was calculated

from the Hall measured carrier concentration, ND, that of Se was determined from

ultraviolet photo-electron spectroscopy (UPS) at 0.8 eV, and that of As2Se3 at the mid

gap [14, 16]. Fig. 7.2 shows a band structure of n-type Ge/superlattice structure under

flat band conditions. The barrier for majority carrier electrons is 1.04 eV, which is high

enough to limit thermal emission of electrons at room temperatures and lower into the

superlattice Se.

In addition to suppressing dark currents, the superlattice Se offers possible multipli-
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Figure 7.1: The attenuation fractions of Ge and Si for high energy photons. The
normalized fluence of the X-ray source used in the experiments is included for reference.
0.5 mm Ge is sufficient to cover the spectrum of available photons from the source.

Figure 7.2: The band structure of the n-type Ge/superlattice Se structure under flat
band conditions, showing a relatively high barrier for majority electrons such that the
superlattice acts in effect as a blocking layer at room temperatures or lower.
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cation gain from impact ionization at band discontinuities [17, 14]. We have shown that

the multiplication factor, M , depends on the number of Se barriers, N , as M = kN

where k is a parameter depending on the uniformity of the field along the sample thick-

ness, charge collection efficiency and other possible factors under further investigation.

Based on this formula, for equal barrier and well widths of 8 nm, a 2 µm superlattice

Se film should have M = 125 assuming a k = 1. We therefore fabricated 2 µm su-

perlattice Se film onto n-type Ge substrate using classical rotational evaporation, and

characterized the resulting samples using current-voltage (I-V ) and current-time (I-T )

measurements.

7.2 Materials and methods

7.2.1 Fabrication

The rotational evaporation technique was used to fabricate samples with multi-nanolayers

of amorphous Se and As2Se3 as described in Chapter 2 [18]. We describe preparation

and cleaning procedures for Ge substrates. The substrates were 8 mm square diced

500 µm thickness, n-type Ge (111) single-side polished wafers with a resistivity of 5-40

Ω·cm. The wafers were cleaned in an ultrasonic bath using acetone, methanol and

deionized water, before being submerged alternately, for 15 s each time, in 9:1 diluted

H2O2, then 9:1 diluted HF, repeating the cycle three times [19]. With the polished

surface as the target of deposition, the cleaned substrates were then placed into the

rotational evaporation system and the evaporation chamber was immediately pumped

to high vacuum and then the deposition proceeded in the manner described in Chapter

2.

7.2.2 Characterization

The n-type Ge/superlattice Se samples were contacted using a Au whisker on the n-type

Ge side with graphene contacting the superlattice Se. The devices were characterized
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using current-voltage (I-V ) measurement with voltages varying from 0 V to +100 V

in 1 V steps on the HP4140B system. The I-V characteristics were measured with the

devices under dark conditions and under irradiation with X-rays on the n-type Ge side.

The X-ray source was a XM-10-60-05 10 W X-ray gun operated at 60 kV and 166 µA.

For safety, the measurement setup was enclosed in a box with 1 mm thick steel walls.

All measurements were in room temperature conditions.

The n-type Ge/superlattice Se devices were also measured for current-time (I-T )

characteristics by streaming a sequence of chopped X-ray pulses onto the n-type Ge

side. These characteristics were also measured at room temperature. The X-ray pulses

were obtained by rotating a half-sectioned block in line with the X-ray line, as described

in the schematic shown in Fig. 7.3. The rotation speed of the chopping block was 250

mHz providing pulses in 2 s intervals.

7.3 Results and Discussion

The results of I-V measurements are shown in Fig. 7.4. The results show a higher

current when the sample is irradiated compared to current under dark conditions,

indicating successful detection of X-rays. The magnitude difference in current between

dark and X-ray irradiation gets smaller as the applied voltage increases. Beyond 90 V,

the dark current and the photon induced current become indistinguishable such that

photo detection is no longer possible.

Figure 7.5 shows results of I-T characterization. The results show current peaks

that are synchronized to the input X-ray pulses, indicating successful detection of the

X-ray pulses.

Transport in superlattice Se based device is described by a process of absorption

and photo-generation in the n-type Ge and transport of photo-generated carriers to-

wards the interface with the superlattice Se. At the interface, carriers are injected into

the superlattice Se, followed by quantum tunneling through Se barriers and ballistic

transport, and impact ionization at band discontinuities [20, 21, 14]. The injection
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Figure 7.3: Schematic for the measurement of current-time (I-T ) characteristics of
n-type Ge/superlattice Se samples at room temperature. The sample under test is
irradiated by a stream of X-ray pulses from an X-ray gun, through a rotating chopper
block.
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Figure 7.4: Current-voltage (I-V ) characteristics measured for n-type Ge/superlattice
Se samples under dark conditions and irradiated by X-rays.
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Figure 7.5: Typical current-time (I-T ) characteristics of n-type Ge/superlattice Se
samples irradiated by X-ray pulses. The characteristics are measured with the sample
applied bias varied from +10 V to +90 V in 10 V steps. The current peaks are in sync
with the X-ray pulse peaks indicating successful detection.
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process affects the blocking and noise performance, and the transport process affects

the multiplication gain.

A model of the n-type Ge/superlattice Se device is shown in Fig. 7.6. Incident pho-

tons into the Ge undergo photoelectric absorption and generate electron-hole pairs. The

photo-generated carriers transport to the boundaries of the Ge by drift and diffusion.

In this case, we are interested in the transport of photo-generated holes being trans-

ported towards the boundary n-type Ge and superlattice Se. Assuming monochromatic

X-rays causing photo-generation at a single point at a depth x, a collection probability

can be calculated indicating how likely a carrier generated at a depth x will be collected

at the boundary of a material with a total thickness L. The collection efficiency for

holes at this boundary due to drift can be calculated using the modified Hecht formula

[22].

CPdrift(x) =
µh,Geτh,GeFGe

L

1−

[
exp

(
− L
µh,Geτh,GeFGe

)
− exp

(
− L
δGe

)]
[
1− exp−

(
L
δGe

)] [
1− δGe

µh,Geτh,GeFGe

]
 (7.1)

where τh,Ge and µh,Ge are the lifetime and the mobility for the minority holes, respec-

tively [13]. The attenuation depth of 30 keV X-ray photons, δGe = 71.7 cm−1 [12].

The field distribution in Ge, FGe is estimated assuming the device as series connected

resistances of Ge and the superlattice as shown in Fig. 7.6. Given the large differences

between the resistivities (≈ 1:107 Ge with respect to the superlattice Se), there is a

very small field in the Ge compared to the superlattice. For an applied voltage of +100

V across the whole device, there is approximately only 10 µV dropped in the Ge. As

such, the collection efficiency due to drift is very small, order of 0.5 %.

The collection probability for holes at the boundary due to diffusion (assuming a

zero surface recombination velocity) can be calculated as [23]

CP (x) = exp

(
−(L− x)

LDiff

)
(7.2)

122



where LDiff =
√
Dh,Geτh,Ge is the diffusion length, Dh,Ge is the diffusivity of minority

holes in Ge, and τh,Si is the lifetime for the minority holes. The diffusivity Dh,Ge is

calculated from the Einstein relation, and the lifetime τh,Ge =1 ×10−3 s [13].

At the boundary between n-type Ge and superlattice Se, carriers in the n-type Ge

transit into the superlattice Se, either by thermal emission over the Se barrier, or by

quantum tunneling across the barrier via internal field emission. A band structure of

the n-type Ge/superlattice Se heterojunction is shown under flat band condition in

Fig. 7.2.

Under dark conditions, majority electrons in the conduction band of n-type Ge face

a barrier of 1.04 eV, meaning a low probability of thermal emission at 300 K. Due

to the barrier height, the tunneling probability is also low even as the applied field

increases. As the applied field is positive, it increases the barrier for electrons even

further, significantly blocking them, and reducing the effect of thermal noise generated

electrons.

Minority holes in the valence band of n-type Ge encounter a barrier of 0.4 eV.

For the same applied field, this is a comparably smaller barrier, meaning holes are

significantly injected into the superlattice Se by internal field emission.

When the n-type Ge side is irradiated, electron hole-pairs are generated. As in

the case under dark conditions, the photo-carrier electrons are blocked, while photo-

generated holes are injected into the superlattice Se. This has the effect of separating

in space, the transport of holes from that of electrons [24].

In the periodic structure, a situation analogous to the n-type Ge/Se barrier obtains

at each interface of the As2Se3 quantum well to Se barrier. Deep Level Transient

Spectroscopy (DLTS) measurements have revealed occupied energy levels at EC,Se −

0.533 eV for electrons, and EV,Se − 0.269 eV for holes. Therefore, electrons have a low

probability of thermal emission and tunneling when a positive bias is applied. Holes

have a comparatively lower barrier for both thermal emission and tunneling. Since the

tunneling probability increases with applied field, it more likely that holes will transit
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through the barrier by quantum tunneling through internal field emission.

After tunneling through the Se barrier, the injected carrier holes experience an

abrupt change in force, becoming “hot”, and for a short time transport without any

collisions through quasi-ballistic transport [21]. During this transport, the energy dis-

tribution of the carriers is maintained. At the band discontinuity with As2Se3 the

holes gain energy even further (the band discontinuity energy ∆EV = 0.25 eV). The

probability of an impact ionization has the form exp( Ei

kBT
) where Ei is the ionization

threshold energy. The energy Ei depends on the location in energy where the impact

ionization occurs, either shallow states near the band edges, deep states near the mid

gap, and band to band ionization [25, 26]. As such, these holes have a higher proba-

bility to impact and ionize, most likely with shallow states and some deep states, and

thus multiply the number of carriers.

The results were used to calculate the sensitivity Sx in terms of charge generated

collected with respect to incident radiation measured in Kinetic Energy Released per

Mass Attenuation in air (air KERMA). The air KERMA, Kair, was calculated as [27]

Kair =

∫ Emax

0

Ψ(E) ·
(
µtr
ρ

)
E,air

dE (7.3)

where Ψ(E) is the differential distribution of photon energy fluence, and
(
µtr
ρ

)
E,air

is

the mass energy-transfer coefficient as a function of photon energy E for air, obtained

from the NIST database [12]. We used the SpekPy software program to calculate the

energy fluence based on the X-ray tube parameters [28], the normalized spectrum is

shown in Fig. 7.1 along with attenuation fractions for Ge and Si. The results of the

sensitivity calculations are shown in Fig. 7.7. The charge collected was calculated from

the I-T peaks as Q =
∫

∆Idt where ∆I is the X-ray signal current after subtracting

the dark current. The sensitivity was then

Sx =
Q

Kair

(7.4)
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Figure 7.6: A model for the n-type Ge/superlattice Se device showing regions of
absorption and transport of the photo-generated carriers. The device is taken as an
equivalent circuit of two resistors connected in series.

Figure 7.7: The sensitivity of the n-type Ge/superlattice Se X-ray detector for applied
voltages from 10 V to 90 V.

125



The sensitivity Sx ranged from 96 pCmGy−1
airKERMA at 10 V to 6688 pCmGy−1

airKERMA

at 90 V, comparable to values of about 250 pCmGy−1
airKERMA obtained in experiments

with amorphous Se based detectors [29]. We speculate that this performance could be

further improved by increasing the superlattice layer thickness, using n-type Ge with

a higher dopant concentration, a Ge p-n junction, intrinsic Ge, or operating the device

at even lower temperatures. We are also investigating applying the superlattice Se

structure high Z absorbing materials such as CdTe and perovskites.

7.4 Conclusion

Using the quantum device design methods, we fabricated a detector for X-ray pho-

tons using n-type Ge/superlattice Se. The detector was characterized using I-V and

I-T measurements, and the results showed successful detection of X-ray photons at

room ambient. The characteristics were explained using a transport model that fol-

lows a sequence of injection, quantum tunneling, ballistic transport and impact ion-

ization. The n-type Ge/superlattice Se devices showed sensitivity values of up to ≈

6700 pCmGy−1
airKERMA, comparable to state of the art devices. This demonstrates the

possibility of augmenting the performance of conventional material by adding the su-

perlattice Se structure. This additive nature of the structure means it may be possible

to add it to high Z materials like CdTe, PbO, or perovskites like MAPbI3. We hope

this approach inspires the design and development of high performance devices using

superlattices of amorphous materials.
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We investigated the optical and electronic properties of amorphous Se superlattices

fabricated using rotational evaporation. Samples measured using TOF-SIMS confirmed

the multi-layer structure, with each layer measured to be 6-9 nm thick. Such thicknesses

are within sizes of quantum structures. Using DLTS, energy levels were measured at

EC,Se−0.533 eV and EV,Se+0.269 eV. These levels were attributed to minibands formed

due to the superlattice structure. Spectroscopic ellipsometry measurements showed a

series of “steps” in the absorption coefficient at 1.72 eV, 1.82 eV, 1.89 eV, 1.97 eV

and 2.04 eV. This staircase structure in the absorption coefficient is associated with

transitions in two dimensional quantum structures. Electronic transport properties

were characterized using I-V measurements, revealing oscillations and regions of nega-

tive dynamic resistance. These features were explained by a model involving injection,

sequential quantum tunneling and impact ionization. The model also showed a rela-

tionship between the multiplication factor, M , and the number of superlattice barrier

layers, N , M = kN . This relationship was the basis of a design method for optimally

engineered photo-detectors. The design method was demonstrated by fabricating a

detector for 100 µW 525 nm light, using n-type Si and superlattice Se with expected

multiplication gains of 12 (200 nm superlattice Se) and 125 (2 µm superlattice Se).

The results showed gains of 11 and 48 at applied field of 5 × 107 Vm−1, confirming

M = kN .

Further investigation is needed to provide more understanding of the field distribu-

tion in the superlattice structure. At a material level, there is need to understand the

atomic distribution in the multi-layer structure, particularly at transition interfaces.

Characterization using methods such as Electron Diffraction spectroscopy (EDS), Dy-

namic SIMS or Rutherford Backscattering spectroscopy (RBS) may reveal material

distribution from layer to layer.

When an external field is applied, the distribution of the field and the active zones

of the superlattice can be investigated using methods such as Cathodoluminescence

spectroscopy or Electron Beam Induced Current (EBIC). It is expected that the quan-
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tized energy levels of the superlattice will broaden due to Wannier-Stark effects, so

spectroscopic ellipsometry with samples under bias may also reveal active areas of the

superlattice.

There is also interest in the fabrication and characterization of these technologically

simple superlattices based on amorphous materials. Besides the combination of Se

and As2Se3, there are several other possibilities, each offering unique and interesting

properties. The immediate likely combination is the inclusion of Te in combination with

either As2Se3 or Se, or in a tri-layer structure of the three materials. The rotational

evaporation chamber already houses a third evaporation drum dedicated for Te. A

superlattice including Te is interesting given the narrow band gap of the material of

about 0.4 eV. Another possible superlattice includes Se with a high-Z material. Such

material has to have the three properties of a smaller band gap than Se, be a Se based

compound and have relatively low boiling point so that it can be used in rotational

evaporation. Thallium(I)Se is one likely candidate, with a band gap of 1.2 eV, and

boiling point of 1746 K.

We demonstrated X-ray detection under room temperature conditions using n-type

Ge with amorphous Se superlattice. However, performance is expected to improve

further by using high purity Ge (HPGe) and operating at liquid nitrogen (LN2) tem-

peratures. It is therefore necessary to investigate the transport characteristics of the

superlattice Se under low temperatures. Variations of carrier mobility with tempera-

ture can be investigated using temperature based Hall effect measurements or Time of

Flight measurements.

The additive nature of the superlattice, especially to conventional materials means

that it can be used to improve the performance of conventional photo-detector struc-

tures if it can be co-opted into the device geometry. For example, the superlattice

structure can be evaporated as an additional layer onto a strip detector before produc-

ing the readout structures. In this way, photo-generated charge can be multiplied by

a custom gain before being readout, significantly improving the SNR of a basic strip
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detector. A similar strategy may be adopted for other photo-detector device geometries

such as p-n and p-i-n photodiodes.

Based on the models discussed, it is possible to innovate devices with novel features.

It may be possible to add a third contact along the transport axis of the superlattice,

which controls the field distribution. This may allow field variation of the multiplication

factor, allowing for features like automatic exposure control and dynamic range control

in photo-detectors. From the same concept, a field multiplication transistor is possible.

Such a device would have a high input impedance since only a small amount of carriers

need to be injected, which are then multiplied to a larger signal.

Amorphous Se superlattice is made from phase-changeable chalcogenide materials.

As such it may be possible to develop mixed phase crystalline amorphous superlattices

(CASL) and phase switching superlattice structures. The associated electronic, optical

and quantum features of the superlattices should vary between phases, providing an

additional degree of features. Such features may prove vital in the development of

technologies such as phase change memories (PCM) and non-von Neuman in-memory

computing.

We anticipate that ultra-sensitive detectors based on design concepts discussed

herein will make already existing imaging systems safer by allowing operation under

very low X-ray exposure. This means that X-ray imaging can be safely used during

pregnancy, on infants and children without severe concerns associated with current

systems. Additionally, such a system will open opportunity for innovation in X-ray

imaging. One such possibility is real-time X-ray imaging which could be useful during

surgeries such as device implantations. Real-time X-ray could also provide information

on the stresses and strains associated with the movement of the skeleton and organs,

helping health practitioners to optimize healing processes after injury or surgery. An-

other possible innovation from this detector is automatic exposure (AE) control. X-ray

image quality could be made consistent regardless of X-ray source quality, target body

size or operator skill. Overall, this type of detector promises significant evolution in
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X-ray imaging.
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Appendix A

Superlattice theory
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In 1970 Esaki and Tsu proposed a periodic structure in one dimension, made from

ultra-thin layers of different semiconductor materials in terms of band gap, and named

it a “superlattice” [1, 2, 3]. The ultra-thin layers are expected to have a period of less

than the mean free path of an electron such that de Broglie electron waves would result

in resonant tunneling through the barriers of the superlattice. Such characteristics

meant that the superlattice would exhibit unusual features, different from its source

materials. Due to the sizes of the layers, quantum effects were expected, such as

quantized energy levels and two-dimensional density of states, and negative differential

conductivity.

Practically it was difficult to fabricate good quality superlattices, until the introduc-

tion of Molecular Beam Epitaxy (MBE) as a fabrication process for the superlattices [3].

MBE allowed fabrication of good interfaces and as such, some of the predicted superlat-

tice characteristics could be observed. A plethora of applications of these superlattices

have been proposed including high speed transistors, quantum cascade lasers, and low

noise avalanche photodiodes, among many others. [4, 1, 5, 6, 7]. These devices, though

fabricated and successfully demonstrated have not been put to widespread use due

to the high technology barrier for fabrication, and the requirement for high quality

crystalline materials for good quality interfaces. These challenges prompted examina-

tion into superlattices of amorphous materials, particularly amorphous Si [8, 9, 10].

There were some works investigating superlattices of amorphous chalcogenide materi-

als [11, 12, 13]. Much of the work focused on structural properties and make significant

progress even though there were challenges in characterizing the details of these less

predictable superlattices. Recently, there is renewed interest in superlattices of amor-

phous chalcogenides particularly for applications in phase change memories [14, 15, 16]

A.1 Superlattice theory

A superlattice has a periodic energy structure and thus can be analyzed following the

Kronig-Penney model.
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A.1.1 The Kronig-Penney model

In 1931 a paper by R. de L. Kronig and W. G. Penney was published in the Proceedings

of the Royal Society, describing the behavior of electrons in a periodic potential [17, 18].

Following the work of Bloch, Kronig and Penney specifically aimed at the mechanics

of electrons in periodic fields found in practice, meaning in crystalline materials. Fur-

thermore, they wanted to provide computable values of energy and eigenfunctions of

the wave-equations of such electrons. Their analysis is relevant to artificial periodic

structures such as quantum wells. We review and summarize the model and apply it

to evaluate amorphous Se superlattices.

Energy Values

To obtain the energy levels E, Kronig and Penney considered a one-dimensional peri-

odic potential shown in Fig. A.1

Figure A.1: The periodic potential considered in the Kronig-Penney model. The
potential V (x) is 0 in the regions 0 < x ≤ a, and takes the value V0 for the regions
−b < x ≤ 0. The period for this potential is L = G(a+ b) where G ∈ Z.

The Schrodinger equation can be analyzed for this potential

d2ψ

dx2
+ κ2[E − V (x)]ψ = 0 (A.1)

where κ =
√

2m
~ , m is the electron mass, and ~ is the reduced Planck’s constant.

Following Bloch’s theorem, any wave function for a periodic potential with a period L
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will have the form [18]

ψ(x) = u(x)eiαx (A.2)

where u(x) with period L in x, α = 2πk
L

and k ∈ Z. This conditions allows the

consideration of the solutions of u(x) in one period, for example −b < x < a shown

in Fig. A.1. Making the assumption 0 < E < V0 and substituting equation A.2 into

equation A.1 gives


d2u
dx2

+ 2iαdu
dx
− (α2 + γ2)u = 0 −b ≤ x ≤ 0

d2u
dx2

+ 2iαdu
dx
− (α2 + β2)u = 0 0 ≤ x ≤ a

(A.3)

where γ = κ
√
V0 − E and β = κ

√
E, both being real values. These equations have

solutions

u =


Ae(−iα+γ)x +Be(−iα−γ)x

Cei(−α+β)x +Dei(−α−β)x

(A.4)

The integration constants A,B,C,D can be found from boundary conditions. The

first two conditions are that the wave function ψ is the same across a discontinuity of

the periodic potential (at x = 0), and similarly the first derivative of ψ. The second pair

of conditions is from Bloch’s theorem, that u is periodic, and so is its first derivative.

The four conditions yield four linear equations

A+B = C +D, (A.5)

(−iα + γ)A+ (−iα− γ)B = i(−α + β)C + i(−α− β)D, (A.6)

Ae(iα−γ)b +Be(iα+γ)b = Cei(−α+β)a +Dei(−α−β)a (A.7)

(−iα + γ)Ae(iα−γ)b + (−iα− γ)Be(iα+γ)b = i(−α + β)Cei(−α+β)a + i(−α− β)Dei(−α−β)a

(A.8)

The nontrivial solution to these equations can be obtained from equating the determi-

139



nant of the coefficients to zero∣∣∣∣∣∣∣∣∣∣∣∣∣

1 1 1 1

(−iα + γ) (−iα− γ) i(−α + β) i(−α− β)

e(iα−γ)b e(iα+γ)b ei(−α+β)a ei(−α−β)a

(−iα + γ)e(iα−γ)b (−iα− γ)e(iα+γ)b i(−α + β)ei(−α+β)a i(−α− β)ei(−α−β)a

∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0

(A.9)

which gives an equivalent expression

γ2 − β2

2βγ
sinh γb sin βa+ cosh γb cos βa = cosα(a+ b) (A.10)

Later, Esaki and Chang quoted this equation in the form [3]

−1 ≤ cos
a
√

2mE

~
cosh

a
√

2m(V − E)

~
+

(
V

2E
− 1

)(
V

E
− 1

) 1
2

sin
a
√

2mE

~
sinh

a
√

2m(V − E)

~
≤ 1

(A.11)

from which the energy states En (n becomes a quantum number) in the potential

wells in the x-direction could be obtained. We used this equation to calculate the

energy levels in the amorphous Se superlattice. Amorphous chalcogenide materials

are known to have different electrical and optical band gaps [19, 20], and given this

fact, we calculated the energy structures separately based on electrical and optical

band gaps. To determine the periodic potential, the Anderson Rule was used [21].

For the electrical case, the amorphous Se mobility gap is 2.05 eV [20], and the Fermi

level determined from Ultraviolet Photoelectron Spectroscopy (UPS) is about EV,Se +

0.8 eV within ±0.1 eV, in close agreement to values reported in literature [22]. The

electrical band gap of As2Se3 is 1.1 eV, with the Fermi level taken to be at the mid-gap

[19, 23, 24, 25]. For the optical case, the band gap for Se and As2Se3 were 2.0 eV and

1.7 eV respectively, with the Fermi level set to be at EV + 0.8 eV for Se and at the mid

gap for As2Se3. In both electrical and optical case, the effective masses in the quantum
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well material As2Se3 were set as 0.27 and 0.28 for electrons and holes respectively [26].

The energy levels were calculated over a range of quantum well thicknesses from 4 nm

to 10 nm. The results of the calculations are shown in Fig. A.2. The calculation was

done using the SageMath mathematical software system, and the notebook is available

on GitHub at https://github.com/JoshDumo/SuperlatticeEnergyLevels.

Equation A.10 can be made more convenient by considering the barrier region

(−b ≤ x ≤ 0) as delta functions. This is the limiting case

lim
b→0,γ→+∞

γ2ab

2
= P (A.12)

at which Equation A.10 reduces to a transcendental equation of βa

P
sin βa

βa
+ cos βa = cosαa (A.13)

This is the commonly quoted equation of the Kroning-Penney model which is par-

ticularly used in calculating energy versus crystal momentum (E − k) diagrams for

crystalline materials [18].

Wave-functions

Continuing with the limiting case b→ 0, only the lower part of equation A.4

u = Cei(−α+β)x +Dei(−α−β)x (A.14)

is of concern. In this case

D = −C 1− e−i(α−β)a

1− e−i(α+β)a
(A.15)

Accordingly, the wave-equation for a generalized case between a region ra to (r + 1)a

then becomes

ψ = Ceiβx+ir(α−β)a +De−iβx+ir(α+β)a (A.16)
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Figure A.2: Calculated energy levels for the amorphous Se superlattice structure
based on the Kronig-Penney model. (a) and (b) are conduction band and valence band
quantum well energy levels, respectively, based on electrical band gaps. (c) and (d) are
conduction band and valence band quantum well energy levels, respectively, based on
optical band gaps.
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As P →∞

This case basically refers to an infinite potential for the barriers. In this case β = nπ

where n ∈ Z and D = −C so that equation A.16 becomes

ψ = Ceinπx+ir(α−nπ)a + Ceinπx+ir(α+nπ)a (A.17)

= Ceirαa(einπx − e−inπx) (A.18)

= 2iCe2irαa sinnπx (A.19)

This is a solution commonly referred to as the “particle in a constant potential box”

in which the wave-functions of electrons are confined between an infinite impenetrable

potential barriers separated by distance a [18].

As P → 0

This case then refers to conditions in which the potential of the barrier has some

finite value. Equation A.13 shows that for a valid value of βa there is a value αa that

satisfies the equation, along with its cycles αa∓2nπ. However, the cycles of αa do not

produce any new solutions, rather repeating the same solutions obtained for βa and

αa. Thus there is a one-to-one relationship between βa and αa, and conventionally we

can equate them and thus distinguish energy states based only on α.

In the case P → 0, since βa = αa, D = 0 except for αa = nπ. Starting with the

D = 0 case, the wave-function becomes

ψ = Ceiβx+ir(α−β)a (A.20)

= Ceiαx+ir(α−α)a (A.21)

= Ceiαx (A.22)

The wave function is seen to have an exponential decay even into the potential barrier.

This means that there is a probability of the electrons penetrating into the barrier and

even appearing in the adjacent potential well even though they have energy W which
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is less than V0 the barrier potential.

For the exception αa = nπ, D ∓ C such that the wave-function is expressed as

ψ = Ceiβx+ir(α−β)a ∓ Ce−iβx+ir(α+β)a (A.23)

= Ceiαx+ir(α−α)a ∓ Ce−iαx+ir(α+α)a (A.24)

= C[eiαx ∓ e−iαx+2irαa] (A.25)

= C[eiαx ∓ e−iαx+2irnπ] (A.26)

= C[eiαx ∓ e−iαx] (A.27)

so that in general

ψ =


C cosαx : n is odd

C sinαx : n is even

(A.28)

From the analysis, Kroning and Penney concluded that the energy and wave-

functions could be computed particularly for the practical case where of a finite periodic

potential. Their analysis also concluded that electrons could transport through the lat-

tice (x-direction) since there was a probability of finding the electron in the potential

barrier and even penetrating to adjacent potential wells. Kronig and Penney also con-

cluded that it was possible for the electron to transition in energy to other stationary

states if there is emission or absorption of energy.

Optical Transitions in Superlattices

Radiative transitions in the periodic potential occur between stationary states that

consist of a confined wave-function in the x-direction and a free plane wave in the yz

direction [27]. To derive an expression for the transition rate, The Fermi Golden rule

is applied [28]. It states that for optical transitions from the initial state |i〉 at energy

Ei to the final state |f〉 at energy Ef , the probability is

T (i→ f) =
2π

~
|〈f | er · E |i〉|2 ρ(~ω) (A.29)
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where ρ(~ω) is the joint density of states at photon energy ~ω, E is the electric field of

the optical wave er is the electronic dipole. Transitions will occur in accord with the

Law of Conservation of Energy. This means that to transition to a higher final state

energy is absorbed from a photon (Ef = Ei +~ω), whereas a transition to a lower final

state energy is emitted as a photon (Ef = Ei − ~ω).

Considering a transition from a confined hole state with in the valence band with

energy Ehn, to a confined electron state in the conduction band at energy Een′ , where

n and n′ are quantum numbers, and using Bloch’s theorem, the wave-functions become

|i〉 = uv(r)eikyz(v)·ryzψhn(x), (A.30)

|f〉 = uc(r)eikyz(c)·ryzψen′(x) (A.31)

where uc(r) and uv(r) represent conduction and valence band envelop functions respec-

tively. The respective in-plane wave function k-vectors are given as kyz(c) and kyz(v),

with ryz as the position vector. Finally, ψhn(x) and ψen′(x) are the wavefunctions of

the confined electron and hole in the x-direction.

The wave-functions are substituted into equation A.29. Since the wave vector for

the photon is small, the Law of Conservation of Momentum requires that the wave

vectors of the electron and hole be the same

kyz(c) = kyz(v). (A.32)

This is k-selection and implies that transitions are only possible between states that

have the same in-plane k-vectors. Only under this condition does the overlap integral

involving these k-vectors have a value of unity, being zero everywhere else.

The transition can then be shown to be proportional to the joint density of states

ρ(~ω) and the overlap integral of the wave-functions squared.

T ∝ |〈ψen′(x)|ψhn(x)〉|2 ρ(~ω) (A.33)
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The density of states for two-dimensional structures is independent of energy [29, 30].

Instead it exhibits a staircase structure with each step associated with an energy state

En. Referring to equation A.28 it can be seen that the overlap integral for the wave

functions is zero when n 6= n′. The wave functions in this case are orthogonal such that

the overlap integral vanishes. Only when n = n′ (or ∆n = n − n′ = 0) is the integral

valid, and this becomes selection rule commonly referred to as the ∆n = 0 selection

rule. In general, transitions will only occur for energy states with the same quantum

number index. It is noted that this rule applies only to envelop functions that are

symmetrical about the center of the well, therefore does not apply for potential wells

under an external bias, or for triangular shaped potential wells.

Thus, for an absorptive transition to occur, a photon must have a threshold energy

~ω = Eg + Ehn + Een (A.34)

where, Eg is the energy gap of the potential well material. The threshold energy is

minimum at n = 1.

Since the optical absorption coefficient α(~ω) is proportional to the transition prob-

ability [31, 32, 33], its characteristics for the periodic potential can be inferred following

the discussion above:

� The absorption coefficient has a series of steps where it is constant, giving it a

staircase shape,

� The stairs “climb” at threshold energies given by ~ω = Eg +Ehn +Een, with the

first step at n = 1

This can be compared to the absorption coefficient of a three-dimensional bulk material

in which [31, 33]

α(~ω) = (~ω − Eg)
1
2 . (A.35)

In this case the absorption coefficient has a parabolic dependence on energy with a
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single threshold at Eg Thus a two-dimensional structure changes the absorption char-

acteristics of the bulk material by shifting minimum the threshold energy to a higher

value Eg +Eh1 +Ee1 and giving it a staircase shape due to additional quantized energy

states and a joint density of states that is independent of energy.
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Appendix B

Deep Level Transient Fourier

Spectroscopy (DLTFS)
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B.1 Background

In 1974, D. V. Lang introduced a method of characterizing deep levels using capacitance

transients and thermal scanning [1]. This method can reveal the nature of deep levels,

whether they are majority or minority carrier traps, as well as their concentrations,

capture and emission rates as well as their energy level. This method has been applied

to evaluating energy levels in amorphous materials and in superlattice structures [2, 3].

The method is based on the variable capacitance of a material junction. A basic

understanding can be built up from the p-n junction. The capacitance, C, of a p-n

junction is characteristically similar to that of a parallel plate capacitor, expressed as

C =
εsA

W
(B.1)

where εs is the material dielectric constant and W is the width of the space charge

region. The width of the space charge region depends on the built-in potential of

the junction, Vbi, the doping concentrations of the p-side and n-side, NA and ND

respectively, and the applied reverse voltage VR [4, 5],

W 2 =
2εs(Vbi − VR)(ND +NA)

qNDNA

(B.2)

If one side is much more heavily doped than the other a one-sided junction is formed.

Taking the case where NA >> ND, the space charge width is much larger in the n-side

and has the form

W 2 =
2εs(Vbi − VR)

qND

(B.3)

If there are deep level trap states in the space charge region, they will capture some

carriers, and in this case the value of ND has to be adjusted for the filled trap levels

nT ,

N
′

D = ND − nT (B.4)
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Figure B.1: The sequence of steps during a DLTS measurement. (1) the initial state
with the junction in equilibrium mode, (2) a trap filling pulse is applied which narrows
the junction and introduces carriers into traps available in the junction, (3) upon release
of the pulse, the junction once again depletes with an added consequence that trapped
carriers will emit at a different rate, and (4) The capacitance shows a transient related
to the emission from trap levels, which can be used to find the energy levels of the
traps.

so that the space charge width becomes

W 2 =
2εs(Vbi − VR)

qN
′
D

(B.5)

The space charge region may contain a total density of traps, NT , of which a density

nT may be filled. In steady state conditions, if electrons are emitted from the traps

at a rate en, and holes emitted at a rate ep, then the ratio of filled states to the total

density is related to the ratio of the rate of emission of holes to the total emission,

nT
NT

=
ep

ep + en
(B.6)

A transient condition can be applied to the junction by initially holding the junction

at a reverse bias VR, then applying a short pulse before reverting to the reverse bias,

as shown in Fig. B.1.
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When the pulse is applied (Fig. B.1 stages 1 to 2) the previously unoccupied traps

will capture electrons. Assuming that the electrons are not immediately emitted, the

rate of change of filled traps is the same as the rate of capture of electrons, cn by the

unoccupied traps,

dnT
dt

= cn(NT − nT ) (B.7)

When the pulse is released (Fig. B.1 stage 3), the space charge region will once

again be depleted of any free carriers. The traps which had captured electrons will

now emit the electrons with time, The change in electron filled traps with time is the

difference between the emission of electrons from filled states from the emission of holes

from captured in the states unoccupied by electrons,

dnT
dt

= ep(NT − nT )− ennT (B.8)

= epNT − (ep + en)nT (B.9)

This is a linear first-order differential equation,

dnT
dt

+ (ep + en)nT = epNT (B.10)

A solution can be obtained using the initial conditions t = 0, nT = NT

nT (t) =
ep

(ep + en)
NT +

en
(ep + en)

NT exp [−(ep + en)t] (B.11)

Therefore the electron filled traps decrease exponentially (Fig. B.1 stage 4) with a

time constant

τ =
1

(ep + en)
(B.12)

For an electron emitting trap, the emission rate of electron will be much greater
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than that for holes (en >> ep). The time constant becomes τ = 1
en

, so that

nT (t) = NT exp (−ent) (B.13)

Since the capacitance per unit area depends on filled traps nT , the capacitance will

reflect the transient feature,

CA = CA0

[
1− NT

2ND

exp

(
− t
τ

)]
(B.14)

In this way, capacitance measurements reveal the trap concentration and the emission

rates of trapped carriers.

Arrhenius Equation

The emission rate constant can also be expressed in terms of activation energy, Ea

using the Arrhenius equation,

en = A exp

(
− Ea
kBT

)
(B.15)

An electron is considered emitted when it acquires enough energy to leave the trap

level and reach the conduction band where it can be transported to the contacts. Thus

the activation energy,

Ea = EC − ET (B.16)

where EC is the conduction band energy and ET is the energy at the trap level. The

exponential term becomes

exp

(
−(EC − ET )

kBT

)
(B.17)

and represents the fraction of carriers with enough energy to emit from the trap level

to the conduction band.

The pre-exponential factor A contains the thermal velocity vth, capture cross-section
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σ, and the effective density of states in the conduction band NC ,

A = σvthNC (B.18)

vth =
3kBT

m∗n
(B.19)

NC = 2

[
2πm∗nkBT

h2

] 3
2

(B.20)

The complete form of the emission rate is then

1

τn
= en = σvthNC exp

[
−(EC − ET )

kBT

]
(B.21)

Thus, if the capacitance transient time constants are observed at varying temperatures,

it is possible to determine the energy level of trap states.

B.1.1 Fourier transform of the transient

The capacitance transient in Equation B.14 has the form of a real exponential law of

time

f(t) = Aexp

(
−t+ t0

τ

)
+B (B.22)

where A is the amplitude and B is the offset, τ is the time constant and −t0 is the

time at the end of the charging pulse [6].

Fourier coefficients for the function over a time window [0, TW ] are obtained as

a0 =
2A

TW
exp(−t0/τ)× [1− exp(−TW/τ)]τ + 2B (B.23)

an =
2A

TW
exp(−t0/τ)× [1− exp(−TW/τ)]

1/τ

1/τ 2 + n2ω2
(B.24)

bn =
2A

TW
exp(−t0/τ)× [1− exp(−TW/τ)]

nω

1/τ 2 + n2ω2
(B.25)

By taking the ratio between coefficients, there are three possible combinations of the
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coefficients that give the time constants [6]:

τ(an, ak) =
1

ω

√
an − ak

k2ak − n2an
(B.26)

τ(bn, bk) =
1

ω

√
kbn − nbk

k2nbk − n2kbn
(B.27)

τ(an, bn) =
1

nω

bn
an

(B.28)

These time constants can then be used in the Arrhenius equation to give energy levels,

as in Equation B.21.

The motivations and advantages for using the Fourier transform are discussed in

detail in literature [7, 6]. One advantage is the automation of the measurement and

analysis methods, which remove the need to manually determine peaks. Another ben-

efit is the reduced error since there is no dependence on amplitude, as can be seen in

the time constants equations B.26. Our interest in this method was in its ability to

distinguish plural trap energy levels. It is difficult just by manual observation to dis-

tinguish a decay curve as having one or more time constants, and similarly whether a

peak is single or has adjacent peaks. DLTFS measures the whole transient, and taking

the Fourier transform reveals if there are additional time constants to the transient.

As such, DLTFS results in a higher resolution compared to DLTS.
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Appendix C

Spectroscopic Ellipsometry
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C.1 Spectroscopic Ellipsometry

Ellipsometry in an optical characterization technique that uses polarized incident light

to probe the material surfaces and characterize their properties by measuring the

reflected light from the sample [1, 2]. Incident light with parallel polarization (p-

polarization) and perpendicular polarization (s-polarization) (with respect to the sam-

ple) is directed to the surface of a sample under measurement. This light is reflected

(and/or transmitted) and usually the polarizatio changes to an ellipse. Measuring the

polarization of this ellipse gives information on the characteristics of the sample sur-

face, hence the name [1]. Specifically, it is the ratio of the reflection coefficients for

p-polarized and s-polarized, Rp and Rs, respectively, which are measured [3], and these

parameters are given as

ρ =
Rp

Rs

= tan (Ψ) exp (i∆) (C.1)

where Ψ and ∆ are the amplitude and phase of the complex ratio. The spectroscopy

aspect of the measurement is that the energy of the incident photons can be varied,

from visible light, to ultraviolet light, providing an additional degree of measurement.

Since reflection depends on the angle of incidence, Φ, this angle can also be used as a

measurement parameter in Variable Angle Spectroscopic Ellipsometry (VASE) [3, 2].

To analyze the measurement, a model is assumed and the measured data is numeri-

cally fitted to the calculated assumed model [4, 1]. Using regression analysis the model

parameters are varied until the calculated model and measured data converge as closely

as possible, as measured by a goodness of fit parameter, for example a minimum mean

square error (MSE) [3]:

MSE =
1

N

∑
i

[(Ψci −Ψmi)
2 + (∆ci −∆mi)

2]1/2 (C.2)

where, the subscripts c and m represent the ith data element for the calculated model

and measured data, respectively.

The measured values are then used to obtain the complex dielectric function ε, or

162



the complex refractive index ñ, as

〈ε〉 = 〈ε1〉+ i〈ε2〉 (C.3)

(ñ)2 = (〈n〉 − i〈k〉)2 (C.4)

=

[(
1− ρ
1 + ρ

)
sin2 Φ tan2 Φ + sin2 Φ

]
(C.5)

where, ε1 and ε2 are the real and imaginary parts, respectively, of the complex dielectric

function, n is the refractive index, and k is the extinction coefficient [4]. Here, the angle

braces 〈〉 indicate that these are not the intrinsic optical parameters, but rather pseudo-

optical parameters, since the samples are measured under assumptions that they have

no surface roughness, no oxide, no overlayers nor additional films [1, 2].

Mathematical and physics-based models have been developed that can be used

to parameterize the measured dielectric function. Here we discuss the mathematical

B-Spline model and the physics-based Lorentz and Cody-Lorentz models.

C.2 B-Spline model

The basis spline (B-Spline) model represents a basis set of polynomial splines which

have basis functions defined by [5, 6]

B0
i (x) =


1 ti ≤ x < ti+1

0 otherwise

(C.6)

Bk
i (x) =

(
x− ti
ti+k − ti

)
Bk−1
i (x) +

(
ti+k+1 − x
ti+k+1 − ti+1

)
Bk−1
i+1 (x) (C.7)

where k is the degree of the B-Spline, ti is the ith knot location on the x-axis. Knots

also known as nodes are locations on the x-axis where the polynomial segments connect.

A spline curve S(x) is then a linear sum of N basis functions weighted with coefficients
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ci:

S(x) =
N∑
i=1

ciB
k
i (x) (C.8)

In spectroscopic ellipsometry, B-Splines can be applied to parameterize arbitrary di-

electric functions which could not be directly or immediately identified with a particular

physical model, as is the case in investigating new materials or material combinations.

The dielectric function is mapped to the B-Spline as

ε2(ω) =
N∑
i=1

ciB
k
i (ω) (C.9)

where ω is the frequency of the light. The real part of the dielectric function can

then be obtained using Kramers-Kronig causality relations [5, 7]. From the convex

hull property, the B-Spline curve coefficients ci can be used to enforce ε2 ≥ 0 so that

the model maintains physical sense [5]. CompleteEASE analysis software uses degree

k = 3 B-Splines with the number of nodes set by selecting the resolution of the spline

[6, 2].

C.3 Lorentz model

The Lorentz model is a classical model in which an atom is considered as a positively

charged nucleus binding a negatively charged electron with spring, like a mass-spring

system [1]. An alternating electric field from light, in the plane of the mass-spring

will cause dielectric polarization,and the electron will oscillate as if it is in a viscous

fluid. The nucleus is taken to be much heavier than the electron such that the nucleus

is stationary and only the electron oscillates. The resulting oscillations represent the

polarization which in turn represents the dielectric properties.

The Lorentz oscillator gives the dielectric function ε as [1, 2]

ε =
AnE0nΓn

E2
0n + E2 − iEΓn

(C.10)
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where, for the nth oscillator,

� An is the amplitude of the Lorentzian peak,

� Γn is the Full Width Half Maximum (FMHW) of the Lorentzian peak,

� E0n is the energy at the peak position ,

This model is symmetrical and has a resonant feature and thus could be used to

represent interband transitions.

C.4 Cody-Lorentz model

The Cody-Lorentz model is usually applied for semiconductor amorphous materials [2].

It models a zero absorption below a defined optical band gap, and a main absorption

broad Lorentzian peak. In addition to absorption at energies above the optical band

gap, the Cody-Lorentz model takes into account the Urbach absorption below the band

gap, which is expected for amorphous materials [1, 2]. In the Cody-Lorentz oscillator,

the imaginary part of the dielectric function ε2(E) has the form [8]

ε2(E) =



El
E exp

[
(E − Egn + Etn)

Eun

]
: 0 < E ≤ (Egn + Etn)

(E − Egn)2

(E − Egn)2 + E2
pn

· AnE0nΓnE
(E2 − E2

0n) + Γ2
nE

2 : E > (Egn + Etn)

where, for the nth oscillator,

� An is the amplitude of the Lorentzian peak,

� Γn is the Full Width Half Maximum (FMHW) of the Lorentzian peak,

� E0n is the energy at the peak position ,

� Epn is the transition from Lorentzian absorption to Cody absorption,

� El is the demarcation energy between band to band and Urbach tail transitions,
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� Etn is the transition from Cody absorption to Urbach absorption, and

� Eun is the exponential rate of the transition Et.

Spectroscopic ellipsometry provides an accurate, non-destructive method for eval-

uating the optical properties of layered semiconductor structures [1]. The method has

been successfully applied to superlattice structures, showing excitonic peaks associ-

ated with sub-band transitions, and also reliably evaluating the quality of superlattice

structures from different deposition conditions [3, 9].
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Appendix D

Radiation detection
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D.1 Radiation interaction with matter

Photons

Photons interact with matter in three possible ways [1, 2]:

� Photoelectric effect - primary photon is completely absorbed and the interaction

occurs with the entire electron cloud surrounding the the atomic nucleus.

� Compton scattering - photon scatters on atomic electrons which are treated as

quasi-free since the electron binding energy is ignored.

� Pair production - photon has energy high enough to create electron-positron pair

in the Coulomb field of an electron or a nucleus.

Each of the methods will be reviewed in detail.

A monochromatic beam of photons of intensity I0 incides on the surface of an ab-

sorbing material in the x-direction, as shown in Fig. D.1. Suppose that the material

Figure D.1: A beam of monochromatic photons traversing through an absorbing
medium (adapted from [1]).

has an atomic cross-section, σa, for absorbing or scattering photons with energy equal
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to the monochromatic beam. As the beam traverses through the absorber, the afore-

mentioned interactions (Sec. D.1) will occur for individual photons, removing them

from the beam. As a result the beam will have its intensity (photon rate) decrease by

dI after a distance dx. This rate at which the intensity decreases is then proportional

to the atomic cross-section σa, the number of atoms per unit volume nA and the beam

intensity I ′ at a depth x′.

−dI = σanAI
′dx′ ⇒

∫ I

I0

dI

I ′
=

∫ x

0

σanAdx
′ (D.1)

This gives the Beer-Lambert law

I = I0exp[−(µatt,lx)] (D.2)

where µatt,l = σanA [cm−1] is the linear attenuation coefficient. The number of atoms

per unit volume nA = (ρN/A) where

� N is the Avogadro number,

� ρ is the density of the material,

� Z is the atomic number of the material,

� A is the atomic weight of the material.

Using these substitutions the mass attenuation length is obtained as µatt,m = σanA/ρ

[g−1cm2], or in other words µatt,m = µatt,l/ρ . For chemical compounds the mass

attenuation coefficient is a weighted average of the individual elements

µatt,m =
∑
i

wiµatt,m,i (D.3)

For photon detection the general requirement is that the absorption be high, which

means that µatt,l must be large. We examine the absorption cross-section σa in more

detail for each of the possible interactions of photons with electrons.
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Photoelectric effect - The photoelectric effect is the dominant interaction process

for photons with energy under 100 keV. In this process, atomic electrons absorb the

total energy of the incoming photon, provided that the photon energy is higher than

the binding energy EB of the atomic electron, which can be expressed as

γ + atom→ atom+ + e− (D.4)

where γ is the photon and e− is the electron.

It can be shown that the absorption cross-section has a dependence on Z5. This

has at least two implications. First is that at low energies, an interaction between

photons and isolated electrons is almost impossible. This interaction basically requires

a nuclear presence. Second is that the absorption cross-section is vastly improved for

higher numbers of Z. This is why recent research in absorbing materials has focused

on the so called high-Z materials such as CdZnTe, HgI2, PbO and perovskite materials

like MAPbI3 [3, 4, 5, 6].

If the photoelectric effect occurs in the inner shells of the atom, say the K-shell,

there is a possibility of secondary effects. The electron ejected from the K-shell leaves

a hole, and the whole atom is in an excited state. An electron from a higher shell, say

L-shell, can drop to fill the hole and release energy in the form of a photon with energy

difference between the higher L-shell and K-shell, EK − EL. This photon usually is

within X-ray energy range and can cause another photoelectric absorption in the same

atom or neighboring atoms. If this new photon has energy higher than the binding

energy of some shell, say L1, (EK −EL > EL1) of the atom, another electron will then

be released from the atom. This is the Auger effect, and the Auger electron will of

course have smaller energy, EK − 2EL, than the initial/primary electron.
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Compton scattering - Compton scattering is the dominant interaction in the energy

ranges close to 1 MeV. The incident photon interacts with an electron as

γ + e− → γ + e− (D.5)

While Compton scattering is applicable to other charged particles, for detection we

are concerned mostly with the interaction with atomic electrons.

Pair production - Above 1 MeV, interactions of photons with matter result in the

formation electron-positron pair. This interaction occurs in the electric field of the

nucleus, described as

γ + nucleus→ e− + e+ + nucleus (D.6)

This interaction only occurs when the energy exceeds a certain threshold. This thresh-

old is obtained by considering the rest masses of the electron and positron and the

recoil energy that is transferred to the atomic nucleus. Since momentum is conserved

the threshold energy is

Eγ ≥ 2mec
2 + 2

me

mnucleus

mec
2 (D.7)

but since mnucleus >> me the threshold is

Eγ ≥ 2mec
2 (D.8)

which is 1.02 MeV.

Using data from the National Institute of Standards and Technology (NIST) XCOM

webpage (https://www.physics.nist.gov/PhysRefData/Xcom/html/xcom1.html) [7]. We

used this data to plot the attenuation for our materials of interest, Si, Ge and a stoi-

chiometric equivalent of the amorphous Se superlattice. We assume an equal number

of layers and each layer of material to be the same width so that the Se and As2Se3

have equal volume. The attenuation characteristics are shown in Fig. D.2.
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Figure D.2: The attenuation characteristics of high energy photons in
(a) Si, (b) Ge, and (c) a stoichiometric equivalent of the amorphous
Se superlattice, due to photoelectric absorption, Compton scattering and
pair production. The data is obtained from the NIST XCOM website
https://www.physics.nist.gov/PhysRefData/Xcom/html/xcom1.html
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D.1.1 Radiation-generated charge

Upon interacting with matter, radiation generates charge. Here we describe interac-

tions of radiation with semiconductor materials which we can then use for detection

[8, 1].

Visible and ultraviolet photons

An inciding photon generally produces a single electron-hole pair. The photon is ab-

sorbed in regions within micrometers from the exposed surface.

X-ray photons

Similar to visible and ultraviolet photons, X-rays will interact at a point, however with

the difference that they will produce many electron-hole pairs in the small region of the

point. The number of electron-hole pairs from an X-ray interaction can be estimated if

the ionisation energy i.e. average energy required to create a single electron-hole pair.

For Si, the ionization energy is 3.6 eV.

The next part of the review now discusses the practical application of the foregoing

properties and phenomena for radiation detection. The interactions of radiation with

matter are used to identify and measure the properties of specific particles.

D.2 Solid state detector materials

D.2.1 Solid state scintillators

Scintillator materials are in the category of so called indirect conversion materials.

In indirect conversion, the incident photon is down-converted in energy before being

detected. In the case of X-rays, the keV photon is down-converted to energy in the

visible photon range which is then detected. The main advantage of scintillators is that

they allow taking advantage of well established visible light detectors such as Si CCD

or CMOS. However there is cost of efficiency since the mechanism inherently has two
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absorption stages, first for the high energy photon and then for the low energy photon

after down-conversion.

The basic operation of scintillators depends on activation sites in the band gap of

an absorbing material, usually a wide gap material, as illustrated in Fig. D.3. A well

Figure D.3: The band diagram of a scintillator.

known solid state scintillator is NaI which has a direct band gap of 5.8 eV. Were it to

emit photons, they would be in the middle ultraviolet range. To use this material as a

scintillator producing visible photons, a dopant of Tl is added to the NaI crystal and

the material is referred to as NaI(Ti). The addition of Tl creates activator sites in the

band gap separated by about 3 eV between activator excited states and the activator

ground state.

Solid-state scintillator down-conversion mechanism involves three stages: absorp-

tion, transport and luminescence [9]. When an incident radiation particle has enough

energy it generates electron-hole pairs whereby electrons are excited to the conduction

band. The electrons are transported in the conduction band and may experience trap-

ping depending on the defect structure of the material. Similarly, holes transport in

the valence band. When eventually these carriers encounter an activator site where

they ionize the site. The electron is in an excited state and de-excites to the ground

state. The de-excitation has a high probability of emitting a photon, and since the
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activator was specifically chosen, the photon is within visible light range. The timing

of the light output depends on the half-life of the activator excited state, represented

by a decay time constant.

The emitted photons have lower energies compared to the band gap of the crystal

and the photons that caused the original excitation, and this shift in energy is referred

to as the Stokes Shift, illustrated in Fig. D.4. This allows the scintillated light to

propagate through the crystal without being reabsorbed.

Figure D.4: An intensity vs. photon energy plot showing the Stokes shift.

Scintillators are evaluated using the following criteria

� Emission spectrum and peak wavelength - Ideally this should be within the visible

range so that conventional light detectors e.g. CCD can be used.

� Light yield - This should be high as it indicates the efficiency with which ioniza-

tion energy is converted to visible light.

� Decay time constant - this is a measure of how long it takes for activator excited

states to de-excite to the ground state. A short time constant is good for the

response time of the device.

� Density and Z - These characteristics determine the response to the energy of

the incident photon. As we have seen before, high Z and density make for a more

efficient absorber.
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Scintillators have challenges due to the many stages of conversion of particles before

the signal is eventually read out. This limits their potential for applications that require

ultrahigh sensitivity, or where the number of particles to be measured are low. To

illustrate the limitation the following analysis is usually presented [9]. The number of

visible photons, Nph, produced from an X-ray photon of energy E in a material of band

gap Eg is

Nph =

(
E

βE3

)
SQ (D.9)

S and Q are the efficiencies of transport and visible photon generation respectively,

and β ≈ 3 from Klein’s rule. The relative efficiency can then be

η =
EvisNph

E
(D.10)

where Evis is the energy of the visible light photons. Since we always want visible

photons from the scintillator, Eg > 3 eV. Furthermore, the efficiencies S and Q are

also limited so is the number of visible photons, and the relative efficiency is usually

less than 20%.

This analysis makes a case for direct conversion so as to eliminate the dependence

on Q and subsequently the case for small Eg absorbers. Materials such as Si and Ge

fit this description.

D.2.2 Conventional materials: Silicon and Germanium

Successful detection can be discussed in terms of signal to noise ratio (SNR), where

detection is successful if the SNR is greater than one. This implies that the signal must

always be greater than the noise.

As previously discussed, the signal comes from the radiation particle interacting

with the material and generating electrons. Electrons in the material can only be

generated if the radiation particle provides a certain threshold amount of energy to the
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material. This relationship of energies has been described by the Klein rule [10]

W± ≈ 3EG (D.11)

where W is the ionization energy, or the energy required to generate an electron-hole

pair. This is the minimum energy that a radiation particle must supply, and if a particle

has more energy then more electron-hole pairs will be generated. EG is the material

band gap. From the Klein rule, materials with small band gap are desirable so as to

get a larger signal, which is why Ge and Si have become conventional, among other

reasons.

Noise in the detector refers to any carriers that are not generated by the radiation

particle. The semiconductor material has an intrinsic carrier concentration. These

carriers exist because the band gap in semiconductors is small enough for some electrons

to be excited to the conduction band from the valence band even at room temperatures.

In the valence band holes are left in place of the excited electron. Therefore in a

semiconductor in its intrinsic form, the number of electrons is the same as holes, ne =

nh = ni, and this intrinsic carrier concentration is

ni =
√
NCNV exp

(
− EG

2kT

)
∝ T

3
2 exp

(
− EG

2kT

)
(D.12)

where NC and NV are the effective density of states in the conduction and valence

bands respectively. The intrinsic carrier concentration depends on the band gap and

on the temperature. From this relationship large band gap materials are required if

noise is to be limited at room temperatures, otherwise the detector device has to be

operated at low temperatures.

From the foregoing analysis we arrive at two contradictory conditions: a large signal

requires a material with a small band gap; reduced noise required a material with a

large band gap. There are optimizations that can be done to still obtain performance

despite the contradiction. First, the detector could be operated at lower temperature,
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which reduces the noise without affecting the signal. This strategy is applied in Ge

detectors and some Si detectors which are cooled to LN2 temperatures. Second, is to

choose material with an optimum band gap for operation at room temperature. A

third strategy is to use differently doped materials and produce depletion zones such

as the p-n junction.

D.2.3 Amorphous Selenium and other new materials

Amorphous selenium was one of the first materials used for solid state detection of

X-ray [11, 12]. The material was used as a xeroradiography detector. Even in re-

cent development of Flat Panel X-ray Images (FPXI) using thin film transistor (TFT)

active matrix arrays, amorphous Se has been very successful with some devices com-

mercialized [13]. As such the material has proven properties which could be used for

detection.

Chief among the advantages of amorphous Se is the ability to process the material

in large areas [14, 11, 15, 16]. As previously stated, Si and Ge are expensive to process

for large area applications. Amorphous Se is fabricated from source materials using

vacuum evaporation with uniform and reliable electronic properties. Nevertheless,

there are other possible materials materials which can also be produced in large areas.

Table D.1 summarizes the important properties of amorphous Se and other promising

candidates for FPXI devices [13]..

Recent reports have shown multi-layered PbO as a promising candidate for direct

conversion X-ray detectors [5]. While polycrystalline PbO is well established since the

days of PLUMBICONs, it had issues with lag. It has been shown that multi-layering

the polycrystalline PbO with a layer of amorphous PbO reduces the lag, allowing for

possible real-time application. However, the sensitivity of the material remains limited.
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Table D.1: Properties of amorphous Se and other upcoming materials for FPXI de-
velopment [13].

Material Prepara-
tion

δ at 20
keV [µm]

EG

[eV]
W± [eV] Electron

µeτe
[cm2/V]

Hole µhτh
[cm2/V]

Stabilised
amorphous
Se

Vacuum
deposition

49 2.2 45 (at 10
V/µm)

3× 10−7 −
10−5

10−6 −
6× 10−5

HgI2 PVD 32 2.1 5 10−5 − 10−3 10−6 −
10−5

Cd0.95Zn0.05Te Vacuum
deposition

80 1.7 5 ≈ 2× 10−4 ≈ 3×10−6

PbI2 PVD 28 2.3 5 7× 10−8 ≈ 2−6

PbO Vacuum
deposition

12 1.9 8 5× 10−7 small

TlBr Vacuum
deposition

18 2.7 6.5 small 1.5− 3×
10−6

D.2.4 Perovskites

Recent publications have shown that perovskite materials can be used in X-ray detec-

tors with an improvement in sensitivity of up to ten times compared with amorphous

Se and CsI scintillator [17, 4, 6]. The perovskite material methylammonium lead tri-

iodide (MAPbI3) of 1 mm thickness was used as the absorber in a pixel based direct

conversion detector. Devices made from this perovskite showed high sensitivities of up

to 11 µCmGy−1
aircm−2. The material makes a good absorbing material since it contains

materials with high Z, Pb and I. Furthermore, it was demonstrated that this material

could be fabricated by printing at low temperature, giving manufacturing advantage

on wide area surfaces.
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Another recently reported perovskite for X-ray detection is the Ruddleson-Popper

(RP) phase layered perovskite (BA)2(MA)2Pb3I10 [6]. Devices made from this per-

ovskite were measured to have sensitivities of up to 0.276 C Gy−1
aircm−3. The de-

vices exhibited a built-in potential which improved charge collection. The devices also

showed high diode resistivity up to 1012Ω·cm, improving the dark current performance.

However, there are still challenges with thermally activated dark current when oper-

ated at room temperature and at high applied bias. This tends to make the perovskite

unstable and susceptible to degradation, thus there is need to study the durability

and long-term performance of these materials. Another issue is image sharpness, since

the photogenerated carriers can spread especially when the device is operated at low

applied field causing the image to blur. Adding amorphous Se superlattice to the film

might be a way to mitigate some of these challenges.
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