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ABSTRACT
Ge1,Sny alloys represent a new class of photonic materials for
integrated optoelectronics on Si. In this work, the electrical and optical
properties of Ge1,,Sny alloy films grown on Si, with concentrations in the

range 0 <y <0.04, are studied via a variety of methods. The first

microelectronic devices from GeSn films were fabricated using newly
developed CMOS-compatible protocols, and the devices were characterized
with respect to their electrical properties and optical response. The detectors
were found to have a detection range that extends into the near-IR, and the
detection edge is found to shift to longer wavelengths with increasing Sn
content, mainly due to the compositional dependence of the direct band gap
Eo. With only 2 % Sn, all of the telecommunication bands are covered by a
single detector.

Room temperature photoluminescence was observed from GeSn films
with Sn content up to 4 %. The peak wavelength of the emission was found to
shift to lower energies with increasing Sn content, corresponding to the
decrease in the direct band gap Eo of the material. An additional peak in the
spectrum was assigned to the indirect band gap. The separation between the
direct and indirect peaks was found to decrease with increasing Sn
concentration, as expected. Electroluminescence was also observed from
Ge/Si and Geo.98Sno.02 photodiodes under forward bias, and the luminescence

spectra were found to match well with the observed photoluminescence



spectra. A theoretical expression was developed for the luminescence due to

the direct band gap and fit to the data.
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I. BACKGROUND AND MOTIVATION

A. Introduction

In today’s world, semiconductor devices play important roles in almost
every aspect of our lives. From computers to cell phones to iPods, the
consumer market is dominated by semiconductor electronics. Even the most
mundane parts of our existence are tied to electronics. Their role in areas
such as transportation, power generation and distribution, national defense,
and communication is crucial to our society. As technology develops, so does
our need for new technology to push to the next level. We need faster
computers capable of transmitting and storing more data than ever before.
At the same time, our power needs must be met and our energy efficiency
must increase. Photonic materials have a role to play in solving all of these
problems.

Germanium-tin alloys represent a new class of photonic materials,
which present a unique opportunity in materials science. For the first time, it
may be possible to realize direct band gap materials entirely from Group IV
alloys for optoelectronics integrated on Si. These materials could pave the
way for new infrared lasers, high-efficiency extended range photodetectors,
high-speed optical interconnects in Si-based microprocessors, and next-
generation solar cells.

This thesis will present the results of research on the optical properties

of crystalline Ge1,Sny (0 <y < 0.05) alloys grown epitaxially on Si substrates



and the realization of the first microelectronic devices produced from such
films. The subjects of light absorption and light emission in these novel alloys
were studied through optical characterization of the materials, as well as
through electrical and optical characterization of microelectronic devices
fabricated from them. The focus is on understanding how the direct and
indirect band gaps shift as Sn is incorporated into the Ge lattice, and how the
optical absorption and emission properties are affected.

Chapter I presents the history of Ge as an electronic material and a
description of its optical properties, followed by an introduction to GeSn
alloys and their properties. Chapter II presents the results of the fabrication
and characterization of the first microelectronic photodetectors based on
GeSn alloys and compares the results with similar detectors made from pure
Ge. In Chapter III, the results of photoluminescence and electroluminescence
spectroscopy on a range of Ge and GeSn materials and devices are presented.
Chapter IV covers some peripheral work on cathodoluminescence studies in
InGaAs films grown on Ge-on-Si virtual substrates. In Chapter V, the results

will be summarized and suggestions for further work will be presented.

B. Early development of germanium as an electronic material

Germanium has a long and interesting history. Despite the fact that the
semiconductor industry of today is based on silicon, germanium was actually
the driving force behind early semiconductor theory and the innovations that

led to what we know today as electronics.12



In 1869, Mendeleev published “On the Relationship of the Properties of
the Elements to their Atomic Weights,” in which he created a table of the
known elements.? In his paper, he also predicted the existence of several
new, as yet undiscovered, atoms. In fact, he predicted an element with atomic
weight 70 between the known elements Si and Sn, which he called “eka-
silicon”. In 1886, Winkler was studying the silver-rich mineral argyrodite
when he discovered what appeared to be the element predicted by
Mendeleev.* Although the properties of the substance found by Winkler did
not exactly match the properties predicted by Mendeleev, he still found that
the atomic weight was as predicted. Winkler called this new element
germanium (Ge). The fact that Mendeleev is largely credited with the
creation of today’s periodic table is due, in large part, to his correct
prediction of Ge.

Up until the 1930’s, Ge was thought of as a poorly conducting metal due
to its poor quality. Accordingly, not much progress was made until the early
1940’s when Lark-Horovitz started working on purification of Ge at Purdue.>
The work was funded by the war effort in order to produce high-frequency
crystal detectors for radar. The ability to produce high-quality polycrystalline
Ge led to a myriad of achievements, which were summarized by Lark-
Horovitz in a final report to the National Defense Research Committee
(NRDC).6 Among the breakthroughs outlined in the report was the ability to
dope Ge with both n- and p-type impurities, as well as the first observation of

photoelectric effects in Ge.



FIG. 1. Picture of the first point-contact transistor created by Bardeen and Brattain at Bell
Labs. Reprinted, with permission, from Materials Science in Semiconductor Processing, vol. 9,
issue 4-5, p. 411, August-October 2006.

The work at Purdue prompted commercial interest in applications of Ge
to the area of electronics. In particular, crystal rectifiers or diodes made from
Ge, such as the infamous 1N34 diode, were commercially available starting in
1946.7 In December 1947, Bardeen and Brattain at Bell Labs created the first
point-contact transistor.8 It consisted of a piece of polycrystalline Ge
obtained from Purdue! with two strips of gold foil held in place by a plastic
wedge, as shown in FIG. 1. This “semi-conductor triode” is seen today as the
beginning of modern electronics.

The work done by Lark-Horovitz started a virtual avalanche of research

using Ge to understand band structure and properties of semiconductor



materials and devices. With high-quality Ge readily available, all kinds of new
experiments could be performed to evaluate the behavior of this materials
under different conditions.

In 1950, Johnson and Fan calculated the temperature dependence of the
energy gap in Ge® using data from previous experiments,? and they found
that the energy gap decreased with increasing temperature. The results
agreed with theoretical predictions,10 as well as experimental results
obtained from Si.1 In 1952, Herman used the method of orthogonalized
plane waves developed by Herring!?2 to calculate the band structure of
diamond.13 The calculated band structure matched well with experimental
results, confirming the validity of the approach. Building on this success,
Herman calculated the band structure of Ge using the same method.141516
The band structure determined by Herman is shown in FIG. 2. The minimum
of the conduction band was found to occur along the [111] direction, and the
lowest energy gap was calculated to be 0.65 eV at room temperature.
Experimental evidence was quickly found17.18 to confirm the band structure
calculated by Herman. The value for the energy gap was found to be very
close to experimental values,® and cyclotron resonance experiments!®
confirmed the ellipsoidal nature of the constant energy surfaces as predicted

by Shockley.20
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FIG. 2. Energy versus wave vector diagram showing the band structure of Ge as calculated by
Herman using orthogonalized plane waves and some experimental data. © 1955 IRE (now
IEEE). Reprinted, with permission, from Proceedings of the Institute of Radio Engineers, vol.
43, issue 12, p. 1716, December 1955.

In addition to advances in band structure theory, much progress was
made in understanding the transport properties of semiconductors through
the study of Ge devices. This was the birth of semiconductor device physics.
Researchers such as Shockley, Haynes, and van Roosbroeck made significant
contributions in this area. Advances in the interpretation of Hall
measurements2! and the realization of the first transistors®22 presented new
opportunities for studying the movements of electrons and holes. Effects
such as carrier injection2324 and collection?® in transistors were studied in
detail, helping to build a framework for transport properties. Mobilities and

lifetimes were measured for Ge,2%27 and a general theory of the flow of



electrons and holes was developed.?829 This led to further work on
understanding recombination/generation3%31 processes and the role of
defects and impurities3233 in the electrical properties of Ge.

While the point-contact transistor was seen as a fundamental
breakthrough, its design had flaws that prevented it from becoming a
commercially viable product. The point contact design was not very
mechanically stable, and it was very limited in the amount of current it could
handle. Shockley, who had worked with Bardeen and Brattain previously and
was involved with the creation of the point contact transistor, envisioned a
new type of transistor that could circumvent the problems of the point
contact design. This involved using n- and p-type dopants to create a
“sandwich” structure with three electrodes. Today, this is known as the
bipolar junction transistor.

Shockley’s idea took some time to come to fruition, as advances had to
be made in the growth of Ge in order to produce the n-p-n or p-n-p structures
necessary for a working device. Teal and Little, working in a different group
at Bell Labs, started working on growing single crystal Ge using the method
outlined by Czochralski.3* By 1950, they had developed the procedure for
production of high quality, single crystal Ge.3> Less than a year later, they
were producing single crystal Ge p-n junctions,3¢ which were promptly
turned into solid-state rectifiers.3” These results paved the way for

Shockley’s bipolar junction transistor, which was finally realized in 1951.38



The idea of integrated electronics preceded even the first solid-state
devices. As is typical in any manufacturing setting, techniques were
developed to reduce the cost of producing electronic circuits. Once solid-
state transistors were in play, there was a push to try and integrate other
circuit elements onto the semiconductor surface. In 1958, Kilby produced
what is considered to be the first solid-state integrated circuit,3° shown in
FIG. 3. The circuit consisted of a transistor plus several resistors and
capacitors made from single crystal Ge. It functioned as intended, and

represents a milestone in electronics history.

FIG. 3. Picture of the first integrated circuit created by J. Kilby in 1958. Reprinted, with
permission, from Materials Science in Semiconductor Processing, vol. 9, issue 4-5, p. 412,
August-October 2006.

At about the same time, some people at Fairchild Semiconductor were

working on a similar concept using Si as the semiconductor material. Just



recently, Hoerni had shown that SiO> could be used as a mask for defining
areas for addition of donors or acceptors via diffusion for the fabrication of
diodes and transistors in Si.#? Noyce used this new silicon planar technology
to fabricate a Si-based integrated circuit.3? This method of fabricating
integrated circuits serves as the model for today’s IC production. Noyce and
fellow Fairchild employee Gordon E. Moore went on to found Intel, the
company that produced the world’s first microprocessor.

The invention of silicon planar technology proved to be the death of Ge
for large-scale electronics integration. This is because of three key
advantages that Si has over Ge. First, the band gap of Si is lower than that of
Ge. The relatively low band gap in Ge resulted in higher intrinsic conductivity
than Si at room temperature, and led to degraded performance in Ge devices
at elevated temperatures. Secondly, Hoerni’s work showed that SiO; could be
used as a mask for diffusion of dopants into Si. Additionally, it is a very good
electrical insulator, so individual devices could be protected by surrounding
them with their native oxide. Growth of the SiO2 could be performed very
easily by heating the Si in the presence of oxygen. Lastly, the Si/SiO; interface
has much better electrical characteristics than Ge with its native oxide. When
the Ge surface is exposed to oxygen, it tends to form GeO and GeO2.#1 These
oxides tend to have a large density of surface states at the oxide/Ge interface,
leading to undesirable electrical characteristics. In contrast, the Si/SiO>
interface has a very low density of surface states. Additionally, the Ge oxides

are brittle and mechanically unstable, and they can be washed off in water.



The combination of these factors caused the electronics industry to shift to Si

as its primary semiconductor material.

C. Germanium and its role in semiconductor optoelectronics

Z. Band structure
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FIG. 4. Energy versus wave vector diagram showing the electronic band structure of Ge.
Reprinted, with permission, from Electronic Structure and Optical Properties of
Semiconductors (Springer-Verlag Berlin Heidelberg, New York, 1988), p. 92.
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One of the interesting points listed by Lark-Horovitz in his report to the
NDRC was the fact that various photo effects had been observed in Ge.° In
early 1949, Brattain and Briggs performed the first measurement of the
optical constants of Ge.*2 Later that year, continuing the work at Purdue,
Lark-Horovitz and Meissner measured the reflectivity spectrum of Ge,*3 and
Becker and Fan measured its infrared transmission.** The unique optical
properties of Ge, and semiconductors in general, prompted further research
to understand the optical response of Ge in terms of its band structure.

Germanium is an indirect band gap material, which can be determined
by examining its band structure diagram. The lowest minimum of the
conduction band does not occur at the same point in k-space as the maximum
of the valence band, as shown in FIG. 4. This is in contrast to direct band gap
materials, such as GaAs, InSb, and other I1I-V materials, which have the
minimum of the conduction band at the center of the Brillouin zone (BZ), also
called the I'-point, which is the origin in reciprocal space. The other
elemental Group IV semiconductor Si, which also has the diamond cubic
structure, is an indirect band gap material as well. However, the minimum of
the conduction band for Si occurs near the X-point, which is near the edge of
the BZ in the [100] direction, while the minimum for Ge occurs at the L-point,
which is at the edge of the BZ in the [111] direction.

In terms of optical properties, the distinction between indirect and
direct band gaps is fundamental. In optically-induced transitions, energy and

crystal momentum must be conserved. Indirect tetrahedral semiconductors
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have their conduction band minimum away from the Brillouin zone center,
while the maximum of the valence band is at the I'-point. The difference in
wave vectors between these two extrema is much larger than the wave
vector of an optical photon. For crystal momentum to be conserved, there
must be some additional momentum provided by another source. This extra

momentum kick comes in the form of lattice vibrations, or phonons.

2. Optical absorption in germanium

Consider the case of indirect band edge absorption*> of a photon with
frequency w. Prior to absorption, an electron has energy E; and wave vector

k,. After the photon is absorbed, the energy of the electron changes to Erand

its wave vector to k.. We must also include the absorption or emission of a

phonon with frequency () and wave vector q. Conservation of energy

requires that

E,=E+ho+hQ, (1)

and conservation of momentum (neglecting that of the photon, since its
momentum is very small compared to the electron and phonon momenta)
requires that

hk, =k, £hq. (2)
The “+” indicates either the absorption or emission of the phonon. The “+”

o «

indicates phonon absorption, while the “-“ indicates phonon emission. At

room temperature, either of these cases is possible. At low temperatures,
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there are very few lattice vibrations so the probability of absorbing a phonon
is very low. However, phonons can still be emitted, so indirect band edge
absorption is dominated by phonon emission at low temperatures.

The need for emission or absorption of phonons translates to a lower
probability of absorption. Thus, the absorption coefficients for indirect
semiconductors near the indirect band edge are somewhat low. The
absorption coefficient increases dramatically when the photon energy is
raised to a level above the direct band gap. This is because there is no longer
a need for phonon emission/absorption in order to conserve momentum. In
direct transitions, the momentum of the electron remains essentially
unchanged by the photon absorption, so there is no requirement for phonon
activity. This increases the probability of absorption and, thus, the
absorption coefficient.

In the unique case of Ge, the difference between the direct and indirect
band gaps at room temperature is only 140 meV.4¢ The absorption is
essentially zero for energies below the indirect band gap. It then increases
slowly with energy until it reaches the direct band gap, at which point there
is a sharp increase in absorption. This is known as the direct absorption
edge. Direct band gap materials typically have very sharp absorption edges.
The involvement of phonons of different energies with the indirect transition
tends to broaden the absorption edge in indirect gap materials. The low band
gap of Ge puts the absorption edge in the near-IR, making it useful as a

material for photodetectors.

13



Use of Ge as a material for photodetectors was explored very early. In
1947, Benzer studied the rectification properties of Ge point contacts under
illumination and found that the reverse current increased dramatically with
increasing light intensity.4” Based on this result, Shive produced the first
photocell based on the Ge point contact transistor.48 Shortly after, Becker and
Fan used a Ge p-n junction to measure the spectral dependence of the
photocurrent in Ge.#° These first results generated much interest in the
photoelectric effects in semiconductors and their possible applications for
electronics,5%5! and prompted further work to understand the physics of the
interaction of light with semiconductor materials.>2-53

Today, bulk Ge is used as a material for photodetectors in a few niche
applications. Photodiodes made from bulk Ge are currently available, but the
high cost of Ge wafers limits their widespread use. Additionally, the
absorption of bulk Ge at 1550 nm is not quite high enough for it to be used as
a detector for fiber optic communications at this wavelength. Furthermore,
its absorption in the L- and U- bands is low, so III-V materials dominate the
fiber optic arena.

One area where Ge is being used for its absorption properties is in the
development of high-efficiency multi-junction solar cells. One of today’s
hottest topics in optoelectronics is the area of photovoltaics. That is,
generation of electricity by conversion of solar radiation. Some of the most
efficient solar cells in production are based on lattice-matched

Ge/Inp.01Gao.v9As/Ing5GaosP triple-junction architectures.>* These cells have
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achieved commercial efficiencies of up to 30%,>> making them ideal for
applications in which the cost of the solar cell is not critical, such as in
spacecraft. However, their high cost has prevented their use for terrestrial
applications. One way to use these more expensive cells is to use
concentrators to focus the light from a large area down to the size of the cell.
Using this technique, it is possible to push the efficiency of these cells past
40%.5657 By using low-cost optics to focus the sunlight down to a small area,
the number of actual photovoltaic cells needed is reduced, so a more
expensive high-efficiency cell can be used. This has brought the overall cost
of the system down to reasonable levels, but further reductions are needed
for this technology to become feasible for large-scale production.
State-of-the-art Ge/InGaAs/InGaP solar cells are grown on 4-6" Ge
wafers, which represents more than 50% of the cost of their fabrication.>8
Ge-on-Si virtual substrates are an attractive alternative for a low-cost
solution to this problem. The cost reduction per solar cell can be as high as
75% when the much lower prices and larger areas of Si wafers are
considered. Additionally, larger scale system costs can be reduced due to the
physical properties of the Ge-on-Si substrate relative to pure Ge. Since Si is
mechanically stronger than Ge, the wafers can be made thinner than Ge
wafers. This is of paramount importance for space applications, since weight
is the key factor determining launch costs. For a typical 20 kW geostationary
satellite mission, it has been estimated that cost savings of about $ 1.8 M per

launch could be achieved by using Ge-buffer layer technologies.58 The savings
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are less substantial for concentrator photovoltaics, as the solar cell
represents only 5-20% of the system cost. However, the much higher thermal
conductivity of the Si substrates relative to Ge could lead to the possibility of
passively cooled systems. This is especially important for applications in the
American Southwest, where sunlight conditions are ideal for photovoltaic
applications but elevated temperatures create additional cooling needs.

[1I-V solar cells have been demonstrated on Si using ultrathin Ge buffers
or thick compositionally graded Ge1-xSix as templates.>?:¢0 In all cases,
however, the Ge materials were not active components of the multijunction
cell. This could be due in part to the high density of dislocations (>106 cm2)
found in these Ge on Si buffers. An additional problem is wafer bowing due to
the large thermal expansion mismatch between Ge and Si at the high
processing temperatures employed (above 800 °C). This problem is
mitigated by using ultrathin Ge buffer layers, but this implies that a Ge cell
cannot not be included in this structure.

Our approach for fabrication of high-quality Ge-on-Si films may allow
the integration of the multi-junction cell design on these virtual substrates.
The potential feasibility of these Ge layers as bottom-cell components of the
multijunction structure is illustrated in FIG. 5, which shows that a Ge
thickness of ~ 5 mm is sufficient to absorb most of the solar radiation filtered
by a 3-mm thick GaAs overlayer relative to the absorption by a commercial
Ge wafer. Moreover, given the excess current in the Ge subcell in

conventional multijunction Ge/InGaAs/InGaP cells, a reduced Ge thickness

16



may actually enhance the overall performance due to the associated increase
in open circuit voltage. This has led Aiken®! to propose improved
Ge/InGaAs/InGaP solar cells containing thin (~1 mm) Ge cells. The
theoretical increase in open circuit voltage as the Ge thickness is reduced
requires a very efficient back surface passivation, and Aiken proposes to

achieve this by growing the p =1x1016 cm-3 base by homoepitaxy on low
resistivity (p = 1x1018 cm3) Ge substrates. This design is eminently

transferable to our Ge-on-Si approach, since we can dope our Ge layers in
situ to the specified levels.

Further theoretical modeling of the Ge bottom cell®263 indicates that its
performance depends critically on the emitter thickness and surface
recombination. Since the emitter is currently produced by diffusion, there is
limited control on its structure and morphology. By contrast, our low-
temperature epitaxial method based on the (GeH3)3P precursor®* makes it
possible to fabricate arbitrarily shallow emitters with extremely sharp
profiles and full control of the surface properties, further suggesting that our
Ge-on-Si approach may not only lower the cost of producing

Ge/InGaAs/InGaP solar cells but could actually improve their performance.
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FIG. 5. Fraction of solar spectrum captured by Ge as a function of layer thickness. The plot
shows that 5- microns of Ge absorb 85% of the GaAs-filtered light relative to the absorption
by a Ge substrate. Reprinted, with permission, from Solar Energy Materials and Solar Cells,
vol. 94, issue 12, p. 2363, December 2010.

Recently, Ge has seen additional interest as a material for mid- to near-
IR photodetectors for Si photonic applications.656667.68 Advances in the
growth of Ge-on-Si have lead to high quality, tensile-strained thin films with
promising optical properties.®® Tensile strain plays a critical role in the
absorption properties of Ge. Applying tensile strain to the Ge lattice reduces
both the direct and indirect band gaps.”? This reduction in band gaps leads to
a shift in the absorption edge of Ge to lower energies,’! thereby extending the

range of detection to longer wavelengths. Since the absorption edge of Ge is
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near 1550 nm, the absorption at this key wavelength can be increased
dramatically by introducing tensile strain.

Since Ge has a larger lattice constant that that of Si, one would think
that Ge-on-Si films would be compressively strained. However, the thermal
mismatch between Ge and Si plays a large role in the residual strain of Ge-on-
Si films. Epitaxial Ge films are typically grown on Si at temperatures of 300-
700°C, and subsequent annealing steps up to 900°C are performed to
improve the quality of the Ge layers. Ge has a larger coefficient of thermal
expansion than Si. When the film is cooled from the growth or annealing
temperature, the Ge relaxes from its initial state of compressive strain. It
contracts more quickly than the Si, leading to small amounts of residual
tensile strain in the Ge layer. This idea has been used to successfully fabricate
Ge-on-Si photodetectors, which exhibit extension of the detection range to
longer wavelengths due to tensile strain. However, the maximum amount of
tensile strain that can be achieved in Ge films grown directly on Si is 0.34%,7?
so this limits the shift of the absorption edge and, hence, the range of
detection.

Several types of Ge-on-Si photodetectors have been fabricated
successfully. High bandwidth metal-Ge-metal devices?’27374 and p-i-n type
detectors7>7677 have shown promising results, although dark currents in the
devices tend to be high. Accordingly, much effort has been put into reduction
the dark currents through, for example, the use of high-temperature

annealing to lower the density of threading dislocations.”® The use of
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heterostructure designs has yielded detectors with the lowest dark currents
to date.”® Integration of resonant cavities8? and waveguides818283 to enhance
photodetection has pushed this technology to the point where it is being

used in commercial products for high-speed optical communications.84

3.  Light emission in germanium

Band edge light emission from indirect band gap materials tends to be
somewhat elusive. Physically, it is the reverse process of absorption. An
electron in the conduction band and a hole in the valence band recombine.
The annihilation of the electron-hole pair releases energy, which is
manifested in the form of an emitted photon. The photon has an energy close
to the band gap, if, as is usually the case, the electron and hole relax to the
bottom and top of their respective bands before recombining.

In general, the radiative efficiency nr of an electronic transition is given
by?85

3 1
Mg = . ’L’/ ) (3)
TNR

where tr and tyr are the radiative and non-radiative lifetimes, respectively.
The non-radiative lifetime is really an effective lifetime that includes all
processes by which an electron in the conduction band can transition back to
the valence band without emission of a photon, such as through thermal
relaxation (phonons) or interaction with defects. It is clear that the

luminescent intensity will be greatest when the radiative lifetime is much
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less than the non-radiative lifetime. Additionally, the presence of defects in
the materials tends to decrease the non-radiative lifetime, so highly defective
materials usually have very poor radiative efficiency. As with absorption,
indirect band edge luminescence requires the emission or absorption of
phonons with special wave vectors in order to conserve momentum. This
phonon requirement leads to an increase in the radiative lifetime of the
indirect band gap transition, thereby reducing the radiative efficiency. Thus,
in order to observe indirect band gap luminescence in Ge at room
temperature, one must use an excitation source with high energy density to
increase the radiation to measurable levels.

At low temperature, the radiative efficiency of the indirect gap in Ge
increases dramatically. When an electron-hole pair is formed, the negatively
charged electron and net positively charged hole can be attracted through
Coulomb interaction. This bound electron-hole pair is known as an exciton.
Strongly bound excitons are referred to as Frenkel excitons, while those that
are weakly bound are called Wannier excitons. In semiconductors, the
strength of the interaction is typically fairly weak, so the excitons are
Wannier excitons. If the electrons and holes are free, their wave functions do
not overlap significantly, so there is a low probability for radiative transition.
However, the formation of excitons leads to a strong overlap of the wave
functions of the electrons and holes, so the corresponding transition

probabilities are increased dramatically.
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As stated previously, the minima of the conduction band at the L- and I'-
points in Ge differ by only 140 meV at room temperature.*¢ While this does
affect the absorption, it also has a strong effect on the luminescent
properties. The occupation of the energy levels by the electrons in the
conduction band will follow the Fermi distribution, which is given by

1
FE)=—r ey, @
exp T +1

where EFr is the Fermi energy. At 0 K, all states are filled up to the Fermi
energy, while all other states are unfilled. As the temperature increases, more
states become available for electrons to be excited into the conduction band.
Since the minima of the L- and I'-valleys are so close in energy, some
electrons will occupy the states near the minimum at the I'-point in addition
to the L-point. Since the radiative lifetime of the direct band gap is very low,
the population of the I'-valley induces direct band gap luminescence in Ge.
Thus, at high enough temperatures, direct band gap luminescence is
observed in Ge. At low temperature, there is not enough of a tail in the Fermi
distribution for there to be a significant amount of electrons in the I'-valley,
so direct band gap luminescence is not observed.

Since the population of charge carriers in the L- and I'-valleys is
determined by the distribution around the Fermi energy, it is possible to
increase the carrier concentration in the I'-valley relative to that in the L-
valley by changing the Fermi level. If the Fermi energy is increased, the

relative population in the I'-valley should increase. The Fermi level in Ge can
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be increased through the addition of n-type impurities. Thus, at finite
temperatures, one should see an enhancement in the direct band gap
luminescence due to an increase in n-type doping concentration. This effect
has been seen in photoluminescence studies of n-type Ge-on-Si films.8¢

In addition to affecting the absorption, tensile strain has a critical role
to play in the luminescence properties of Ge. In FIG. 6 (b), we plot the energy
of the band gaps of Ge at the L-point Ey(L) and at the I'-point E4(I') as a
function of tensile strain. The energy gap at the I'-point decreases at a faster
rate than that of the gap at the L-point. Thus, the energy difference between
the minima of the L- and I'-valleys decreases with increasing tensile strain.
Since the relative population of the two valleys depends on their separation
in energy, the tensile strain should induce a higher concentration of electrons
in the I'-valley relative to that in the L-valley. This should translate to an
enhancement in the luminescence intensity of the direct gap with increasing
tensile strain. This effect has been confirmed by photoluminescence
measurements on mechanically stressed bulk Ge.”?

Since the energy of the gap at the I'-point falls faster than that at the L-
point then, past some critical strain value, the band structure of Ge should
transition from an indirect gap material to a direct band gap material,8” as
illustrated in FIG. 6 (a). If we examine the plots of E4(L) and Ey4(I') shown in
FIG. 6 (b), we see that the two lines cross near 2%. This is the theoretical

critical strain value past which Ge becomes a direct gap material.”®
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FIG. 6. (a) Diagram showing transition from indirect to direct band gap material in Ge with
application of biaxial tensile strain. (b) Plot of the values of the energy gaps in Ge at the L-
and I'-points as a function of tensile strain. Reprinted, with permission, from Nature
Photonics, vol. 4, p. 527, August 2010.

Many attempts have been made to grow highly strained Ge layers. This
usually involves growth on substrates with larger lattice constants than Ge to
induce the tensile strain. Recently, Huo et al.88 used graded InGaAs buffer
layers on GaAs substrates to produce thin Ge layers with tensile strain
between 0.26% and 2.33%. They measured a dramatic enhancement in the
luminescence in the highly strained (>2%) films, suggesting that direct gap

Ge was achieved. If true direct gap Ge can be realized, it has potential

24



applications for use as a material for lasers and high-speed modulators and
photodetectors suitable for on-chip optical interconnections. In fact, designs
for lasers have been proposed for direct gap Ge materials using GeSn87 and
SiGeSn®° buffer layers as strain templates.

As stated previously, the maximum theoretical strain value for Ge films
grown directly on Si is 0.34%.71 Thus, intrinsic Ge-on-Si films will never be
direct band gap materials without the use of buffer layers. However, it is
possible to approach direct band gap materials by combining the effects of n-
type doping and tensile strain in Ge-on-Si films. This method has been used
to fabricate light-emitting diodes from such films.86.2091 [n fact, Liu et al.
recently used this approach to produce the first optically pumped Ge-on-Si
laser.”2 However, the requirement for n-type doping limits the possibility of

making an efficient electrically pumped Ge-on-Si laser.

4. Epitaxial growth of germanium on silicon

Epitaxial growth of single crystal Ge on Si substrates has been an area of
interest since the early 1980’s. However, early attempts at Ge-on-Si
growth?3949596 showed that the 4.2% lattice mismatch between Ge and Si
causes Stranski-Krastanov type growth, where the growth mechanism is
initially layer-by-layer but quickly switches to island-type growth after some
critical thickness that depends on temperature and strain.?” This growth

mechanism leads to unacceptably high threading dislocation densities in the
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Ge films. Since then, several techniques have been explored to circumvent the
Stransky-Krastanov growth to achieve high quality Ge films on Si.?8

Developments in growth of relaxed SiGe alloy films on Si®° prompted
many efforts to reduce the lattice mismatch between Ge and Si by using a
series of SiGe buffer layers.190 In this method, the Ge content is increased in
each layer until pure Ge is reached. This method “bends” the dislocations so
that they remain confined to the graded layer and do not propagate to the Ge
film. Using this technique, Ge-on-Si films with threading dislocation densities
as low as 2x10° cm2 have been reported.1°! Photodiodes have been
fabricated successfully from Ge produced using the graded SiGe buffer layer
method.

Another method for growing Ge-on-Si that has seen recent advances
involves a two-step low pressure CVD growth as outlined by Luan et al,
typically followed by cyclic thermal annealing.6¢ First, an initiation layer of
30-60 nm is grown using GeHs at temperatures of 320-360 °C to form a high
quality interface between the Ge and Si. This is followed by higher
temperature growth (>600 °C) on the newly formed Ge template. Post-
growth cyclic thermal annealing at temperatures greater than 750 °C is then
used to reduce the threading dislocation density. This method has been used
to successfully fabricate Ge-on-Si photodetectors of various types.

One of the main reasons for the high threading dislocation density in
Ge-on-Si films is the lattice mismatch between Ge and Si. This causes strain

during the formation of the film, which is then relieved by threading
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dislocations. One way to prevent this is to limit the strain by performing
selective growth. First, the Si surface is coated with an insulator, such as SiO».
Next, lithography is used to form a pattern for device mesas. The exposed
areas of the SiO; are then etched down to Si, leaving small windows for the
growth of the Ge-on-Si device structures. By limiting the size of these
windows, the strain can be mitigated during growth. This method has been
used to grow Ge-on-Si devices with great success. In fact, photodetectors
grown using this method are starting to be used in commercial optical
transceivers for high-speed communications.84

Here at ASU, our research group has developed a new method for low-
pressure chemical vapor deposition (LPCVD) growth of Ge-on-Si using a
custom-engineered metal-organic gaseous precursor,102103 35 demonstrated
by Weng.104 Ge is grown directly on Si(100) substrates via thermal
decomposition of digermane Ge;Hes and the purposely-engineered additive
digermylmethane (GeH3s)2CHz. The deposition is performed in a UHV-CVD
reactor at temperatures of 320-400 °C and pressures in the 10-4 Torr range.
This is followed by rapid thermal annealing (RTA) at temperatures of 600-
680 °C to reduce the threading dislocation density and improve the
crystallinity of the film. This method produces high-quality Ge-on-Si films
with atomically flat surfaces. Doping of the films is performed in-situ by
addition of diborane B2H¢ and trigermyl phosphine (GeH3)3P for p-type and

n-type layers, respectively, producing films with carrier concentrations into
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the 101° cm3 range. These methods were used to synthesize the Ge films
presented in this thesis.

In recent years, the success of epitaxial growth of Ge films on Si
substrates has helped to renew interest in Ge as a material for semiconductor
microelectronics.1?8 The drive for faster computers with more processing
power at lower cost has led to a reduction in the size of the individual
components and interconnects on a microprocessor chip. This shrinkage of
the transistors and metal lines between them is starting to have an effect on
processor performance, so methods for circumventing these issues are at the
forefront of research in microprocessors.

As the node width of transistors is reduced, mobility in the channel is
decreased due to interface scattering. This adversely affects the drive current
for the transistor. One way to counter this is to use materials that have higher
mobility than Si. The electron and hole mobilities in Ge are 3800 and 1820
cm?2/V.s, respectively, while those of Si are 1900 and 500 cm?2/V.s.105 Thus, Ge
has twice the electron mobility and over three times the hole mobility of Si,
making it an attractive candidate for next generation transistors in Si-based
microprocessors.106

The reduction in size of the metal interconnects between devices on Si
chips is also becoming a problem, as the narrow width of the metal lines
increases their resistance, leading to power dissipation and increased heat
generation. One of the ways currently being explored to avoid this problem is

the use of optical interconnects. This involves using optical signals between
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devices instead of electrical signals. This could be accomplished by using
laser sources, waveguides, and high-speed modulators and detectors.
However, this requires the integration of optoelectronics directly on Si. Ge-
on-Si films are currently being explored as a possible material for Si-based
detectors and modulators for optical interconnects.

Ge also has applications in the area of photovoltaics. The highest
efficiency solar cells being produced now are multijunction solar cells. Some
of these high-efficiency designs use a Ge bulk substrate to form the bottom
cell.5435 Layers of InGaAs and InGaP are grown epitaxially on the Ge
substrate to form the other junctions. In order to get the highest efficiency,
these materials must be lattice matched to the substrate. This approach has
produced multijunction cells with efficiencies>® greater than 40%. However,
the high cost of the Ge substrate prevents their widespread use. Replacing
the bulk Ge wafer with a lower cost Ge-on-Si wafer would cut the
manufacturing cost considerably, making the design more viable for large-

scale implementation.

D. A new approach: Extension of optical properties of germanium via

tin alloying

Z. Band structure and optical properties of Ge1.,Sny alloys

Elemental Sn forms two different crystal structures. At room

temperature it has a tetragonal structure, which is known as white tin ($-Sn).
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At temperatures below 13.2 °C, Sn forms a diamond cubic structure, called
grey tin (a-Sn). It is the latter we are concerned with, since Ge has the
diamond cubic structure. The band structure of a-Sn, shown in FIG. 7, was
first calculated by Groves and Paul.197 Pure a-Sn is not a semiconductor
material but rather a semimetal. Strictly speaking, it is a zero band gap
material, as the highest valence band and the lowest conduction band meet at

the I'-point.

Wove Veclor t

FIG. 7. Energy versus wave vector diagram showing the electronic band structure of Ge (left)
and a-Sn (right). Reprinted, with permission, from Electronic Structure and Optical
Properties of Semiconductors (Springer-Verlag Berlin Heidelberg, New York, 1988), p. 92.

In 1982, Goodman proposed that solid solutions of Ge and Sn in the
diamond cubic structure could be synthesized, and that direct band gap
materials with high mobilities were possible.198 In order to understand this

idea, we must examine the band structures of the two materials. Comparing

30



the band structure of a-Sn (FIG. 7) to that of Ge (FIG. 4), we see that in a-Sn
the two degenerate heavy hole valence bands in Ge shift upward past the
conduction band. The direct band gap Ej is

Eo:E(F7)_E(r8)' (5)
where E(T'7) is the energy of the conduction band at the I'-point and E(Ts) is
the energy of the heavy hole bands at the I'-point. In Ge, this quantity is
positive and has the value 0.8 eV. In a-Sn, since the bands are flipped, this
quantity is negative and has value -0.4 eV, making it 1.2 eV lower than the
direct gap of Ge. Thus, when a-Sn is incorporated into Ge, the direct band gap
must decrease with increasing Sn concentration until it reaches zero, at
which point the alloy becomes a semimetal. Up to that critical concentration,
the material should be a semiconductor with a direct band gap that is tunable
with Sn concentration over the range 0-0.8 eV.

The indirect band gap is also affected by the addition of Sn. The band
gap of a-Sn at the L-point is 0.14 eV, while that of Ge is 0.66 eV. This means
the indirect band gap must also decrease with increasing Sn concentration,
but it will never reach zero. Since the difference between the gaps at the L-
point in the two materials is smaller than the difference between the gaps at
the I'-point, the direct band gap should decrease faster than the indirect gap.

In general, the energies Ei(y) of the optical critical points of Ge1,Sny

alloys can be well described by a quadratic polynomial of the form

E(y)=E"(1=y)+ E" (y)=by(1-y), (6)
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where E° and E’" are the critical point energies for Ge and a-Sn,

respectively. The coefficient b; is known as the bowing parameter. This
bowing parameter indicates how much the change in the critical point
energies deviates from a linear interpolation between those of Ge and a-Sn.
The critical point energies have been studied on thin GeSn films through
optical measurements. Experimentally, the direct gap energy Eo(y) of Ge1.,Sny
is found to decrease faster than predicted by tight binding and
pseudopotential calculations in the virtual crystal approximation.19? The
bowing parameter is also found to be relatively large compared to the
bowing parameter for the direct band gap of Ge1.,Si).11? The bowing
parameter for the indirect band gap of Ge1.,Sny alloys is still unknown, as
methods like transmittance, reflectance, and ellipsometry are not sensitive
enough to the indirect transition due to alloy broadening and the small
separation between the direct and indirect gaps.

By taking into account the effects on both the direct and indirect band
gaps, we start to get a picture of the band structure of GeSn alloys as a
function of Sn content. For low Sn concentrations, the band structure should
be Ge-like. That is, it is an indirect band gap material with the lowest gap
occurring at the L-point. The difference between the minima at the L- and I'-
points decreases with increasing Sn concentration. This is very similar to the
effect on the band structure of Ge when tensile strain is applied. This is
represented visually in FIG. 8, which shows the difference in energies of the

minima of the conduction band at the L- and I'-points as a function of both
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tensile strain and Sn incorporation. For example, we see that the relaxed
alloy with just 1% Sn is equivalent to between 0.2% and 0.3% tensile strain

in pure Ge.

Ecr- Ec in Gey.,Sny,

0.08

Sn concentration y

| |
0.010 0.015 0.020

Tensile strain

|
0 0.005

FIG. 8. Plot showing the difference in energy between the minima of the conduction band in
Ge1,Sny, at the I'- and L-points as a function of both tensile strain and Sn concentration. The
thick black line represents the crossover from indirect to direct band gap material.
Reprinted, with permission, from Applied Physics Letters, vol. 79, issue 22, p. 221912,
December 2010.

Past some critical concentration y, the Ge1.,Sny alloy should become a
direct gap material. This crossover has been predicted to occur around y =
0.2 by tight-binding!1! and pseudopotentialll? calculations. However, the
direct band gap has been found experimentally to decrease faster than that

predicted by theory. Thus, estimates based on experimental work suggest the
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switch to direct band gap materials occurs between y = 0.06 and y = 0.09. For
concentrations just past this critical point, the minimum at the L-point will
still be close enough to that at the I'-point that a significant concentration of
electrons will populate the L-valley. Once the concentration is high enough,
the electrons will essentially all be in the I'-valley. At this point, the material
should be a very efficient light absorber and emitter with a low band gap in
the IR.

The maximum theoretical value for tensile strain in Ge-on-Si films that
is achievable via cooling down from the melting point of Ge is 0.34%.71 This
means the tunability of the absorption and luminescence properties of Ge-
on-Si films are very limited. Additionally, it is not possible to produce direct
gap Ge in thick films without the use of buffer layers to increase the tensile
strain. With GeSn alloys, it should be possible to produce the entire range of
band gaps from 0.66 eV (pure Ge) to zero using relatively strain-free
materials grown directly on Si, and direct band gap materials grown directly
on Si substrates should be possible. These alloys represent an entirely new
class of photonic materials that could be used for the fabrication of lasers and
high-speed modulators and detectors directly on Si for integrated optical
interconnects. To this end, several theoretical laser designs have been
proposed based on direct gap GeSn materials.113114115

At high enough concentration y, the lowest direct band gap of Ge1.,Sny
will become zero. When this happens, the material becomes a semimetal, as

is the case of pure a-Sn. The transition to semimetal been predicted to occur
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in Ge1,Sny aty = 0.74 by calculations using the pseudopotential method.112
This material will not have the interesting optical properties of the lower
concentrations. Accordingly, we will focus on the semiconducting alloys.

As previously stated, much work has been done on creating highly
strained Ge layers on mismatched templates. This involves growth of Ge on
materials with larger lattice constants than that of Ge. Ge has a lattice
parameter of 5.6575 A, while a-Sn has a lattice parameter of 6.4912 A.116
Thus, Ge1,,Sny alloys should have a full range of lattice constants between
these values. By growing thin layers of Ge on the Ge1.,Sny layers, it should be

possible to induce enough strain for the Ge to become direct gap.

2.  Growth of Gei.,Sny alloys

In 1983, Oguz et al. synthesized the first microcrystalline Ge1.,Sny alloys
by pulsed UV laser annealing of sputtered GeSn films.117 By the late 1980’s,
several groups were producing amorphous and microcrystalline GeSn
films.118119,120 These early growth efforts prompted theoretical research on
the band structure of GeSn alloys,111.112 which in turn drove further efforts to
produce the first single-crystal GeSn material.

Many of the first successful single-crystal GeSn films were grown on
novel substrates,121,122,123 gy ch as Ge, GaAs, and InSb, to minimize the lattice
mismatch and improve epitaxy. However, even in the 1990’s the need for
integration with Si was recognized, and attempts were made at growth of

GeSn directly on Si by vapor-phase deposition124 and on Ge-buffered Si
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substrates via solid phase!2> and molecular beam epitaxy.126127 The latter
efforts produced high-quality thin films in which the growth conditions, band
structure, and optical properties of the GeSn alloys were studied as a function
of Sn concentration.10%128 A major problem encountered during growth was
the tendency of Sn to segregate toward the surface of the film. This could
only be countered by lowering the growth temperature to ~100 °C, placing
severe limits on the critical thicknesses of the films.

Since then, other techniques such as growth of high-Sn content GeSn on
compositionally-graded GeSn buffer layers!2? have been explored for
achieving direct gap GeSn. However, the most successful growth of GeSn
alloys to date has occurred here at ASU. In 2001, Taraci et al.13% proposed a
new route to GeSn alloys via chemical vapor deposition using highly reactive
Sn-containing gaseous precursors. Bauer et al.131132 took this idea further
and demonstrated the growth of epitaxially stabilized GeSn films directly on
Si(100) substrates using digermane GezHs and the custom precursor
deuterated stannane SnDa4. Today, our research group uses this method to
produce high-quality films Ge1.,Sny films (0 < y < 0.05) with thicknesses up to

1 um. Growth is performed in several custom hot-wall UHV-CVD reactors at

temperatures of 350-390 °C. Doping of these films is achieved, as in the pure
Ge films grown here, by addition of diborane B2H¢ and trigermyl phosphine
(GeHs3)sP for p-type and n-type layers, respectively, producing films with
carrier concentrations into the 101° cm3 range.133 These methods were used

to synthesize the GeSn films presented in this thesis.
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II. INVESTIGATION OF LIGHT ABSORPTION IN GE AND GESN FILMS

GROWN ON SI

A. Fabrication and characterization of photoconductors from

Geo.98Sno.02 films on Si

Z. Introduction

The realization of high-quality micro-/optoelectronic devices based on
Ge1.,Sny, materials has two major requirements. First, one must be able to
reproducibly grow high quality, optically active Ge1.,Sn, materials. Second,
processing protocols must be developed for the subsequent production of
microelectronics from these materials. In this study, simple optoelectronic
devices were fabricated from Geo.98Sno.oz films for the first time using newly
developed protocols. The devices were characterized with respect to their
physical, electrical, and optical properties, and the results were used to
determine the feasibility of using the materials and processing protocols to

fabricate high-performance optoelectronics.

2. Materials and Methods

(a) Fabrication of microelectronic devices. Ge1.,Sny films with 0.02 <y <
0.05 and thicknesses in the range 200-600 nm were grown on high resistivity

(p > 1 kQ-cm) Si substrates using the method described in Chapter I. Most of

the GeSn films were undoped, but several p- and n-type were also used. A
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summary of the materials with their thicknesses and doping concentrations
are presented in TABLE I. Microelectronic photoconductor structures were

fabricated from the films using Si-based processing technology.

TABLE 1. Sn content, thicknesses, and doping concentrations of Ge1.,Sn, layers used for
fabrication of photoconductors. The doping concentrations were obtained by Hall
measurements.

Sn content Thickness Doping concentration
Sample ID (%) (nm) (cm-3) Annealing
APD22A 2.0 300 undoped RTA,
APD24A 2.0 470 undoped RTA,
GS28A 2.0 360 undoped none
APD58A 2.5 560 undoped none
APD58B 2.5 480 undoped none
T126C 2.5 405 undoped none
T127A 3.0 510 undoped none
T127B 3.0 490 undoped none
T127C 3.0 440 undoped none
T133B 5.0 200 undoped none
PIN20B 2.0 270 1x1019, p-type none
PIN72C 2.0 325 1x1019, n-type none

A diagram of the device design is pictured in FIG. 9. The GeSn material
was etched down to Si to form rectangular mesas, and ohmic contacts
(formed by evaporation of Cr and Au) were placed at the ends. A layer of SiO>
was deposited to act as surface passivation and an antireflection coating. The
masks used form an array of different sized devices. The majority of the

devices are 250250 um?, while the rest are 500500 um?, 1.25x1.25 mm?,
and 2.50x2.50 mm?2. The smaller devices are of the most interest, however,

since they should have the highest response.
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FIG. 9. Schematic of GeSn photoconductor device design.

In order to fabricate high quality microelectronics, the fabrication
process must be performed in a cleanroom in order to minimize exposure to
contaminants. The first step in the fabrication process was to deposit
approximately 100nm of SiO via plasma-enhanced chemical vapor
deposition (PECVD) on top of the GeSn to passivate the surface and prevent
any formation of native oxide. Prior to this, all of the samples were cleaned in
an ultrasonic methanol bath, and then dried in N». This serves to remove any
particles from the surface the samples, as well as to remove any native oxide
that has formed on the surface. The SiO; thickness was determined by
placing a small piece of bare Si with the GeSn/Si wafer in the PECVD chamber
during growth. The thickness of the SiO2 on the Si piece was measured using
ellipsometry.

Once the SiO2 deposition was complete, the wafer was spin-coated with

AZ 3312 positive photoresist and exposed to UV to form the mesa pattern.
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They were then immersed in AZ300MIF developer to remove the exposed
photoresist. Next, the SiO layer was etched away to expose the GeSn using
Buffered Oxide Etch (BOE), which is a 20:1 solution of hydrofluoric acid HF
and ammonium fluoride NH4F. The mesas were formed by etching the GeSn
away down to Si using reactive ion etching (RIE) in BCI3 plasma. Once the
mesas were etched, the photoresist was removed in a two-step process.
First, the wafers were immersed in acetone to remove the bulk of the
photoresist. Then, they were exposed to 100 W oxygen plasma for 5 minutes,
removing the remaining photoresist. The etch depth was then measured
using a Tencor P2 profilometer, which gives a profile of the wafer surface.
The etch depth and time were used to calculate the etch rate. The etched
surfaces were examined by SEM.

Next, the wafers were coated with a second layer of SiO; via PECVD,
producing a total thickness of 520nm on top of the GeSn. This thickness was
chosen to minimize reflectivity from the GeSn/Si interface. Again, the
thickness was determined by measuring via ellipsometry the thickness of
SiO2 on a piece of Si. The metal contacts are produced using a “lift-off”
technique. The samples were again coated with photoresist, this time with
AZ 5214 negative resist. With this type of photoresist, the exposed area is
stabilized, unlike positive photoresist. The metals will be deposited on top of
the photoresist later, and then lifted off by removing the photoresist

underneath. The negative resist is better suited for this purpose.
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UV exposure using a second custom mask was used to define the
contacts. The wafers were then immersed in AZ300 MIF developer to remove
the unexposed photoresist to form the contact area. Again, BOE was used to
etch away the SiO: to expose the GeSn. Immediately after, the wafers were

placed in a vacuum chamber and pumped to a base pressure of 3x10-¢ Torr.

The contacts were formed by depositing 20 nm Cr followed by 200 nm Au via
electron beam evaporation. Upon removal from the vacuum chamber, the
wafers were immersed in acetone to dissolve the photoresist and lift off the
metal, leaving the contacts. Finally, the wafers are exposed to 200 W oxygen
plasma for 5 minutes to remove any remaining photoresist. The finished

devices were evaluated by optical microscopy.

(b) Electrical and optical device characterization. The photoconductors
were characterized with respect to their electrical and optical properties. The
devices were placed on a micro-probe station for characterization. Current-
voltage (I-V) curves were obtained using a Keithley 2400 source-meter. The
[-V curves were used to determine whether or not ohmic contacts had been
produced. The photoconductors are essentially resistors, so the I-V
relationship should be linear. Ohmic contacts should not add any significant
voltage drop across the device and should not have any rectifying
characteristics. Thus, if ohmic contacts were produced, then the I-V curves

should be linear. If there is significant contact resistance, a barrier is
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produced at the metal-semiconductor interface, and a depletion region

forms. This produces nonlinearity in the I-V curves.

Bias voltage, Vg
hv

NN —
I ANAKAN

Photoconductor Load resistor, R, -

Load voltage, V|, —

FIG. 10. Diagram of circuit used for measurement of optical response of photoconductors.

The optical response of the photoconductors was first measured at the
wavelength A=1550 nm by illuminating the device with a laser and
measuring the photocurrent produced in the device. A detailed explanation
of the experimental apparatus can be found in Appendix B. The measurement
circuit is shown in FIG. 10. The photoconductor is placed in series with a load
resistor and a fixed bias voltage is held across the series circuit. The voltage
across the load resistor is measured with and without illumination by the
1550 nm laser.

Prior to illumination, the current through the circuit is /o and the

voltage across the load resistor V,'’* is given by
VLdark =1,R,, (7)
where R, is the load resistance. Upon illumination, an additional current I, is

produced by the conversion of photons into electron-hole pairs in the
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photoconductor, so the voltage across the load resistor under illumination

V""" becomes

v =(1,+1,,)R, . (8)
Solving Egs. 7 and 8 for Iy, setting them equal to each other, and solving for
Ipn yields

illum dark
e _ydark Ay,
ph — - )
RL RL

(9)

where AV, is the change in voltage across the load resistor before and after

the photoconductor is illuminated by the laser. The laser light is modulated
by an optical chopper, and the signal across the load resistor is measured

using a lock-in amplifier.

3. Theory

The optical response of the photoconductor structures can be
modeled as follows. Consider a photoconductor made up of a slab of intrinsic
GeSn material with electrodes on both ends, as shown in FIG. 11. Let W be
the electrode length, / the distance between the electrodes, and d the
thickness of the GeSn layer. The photocurrent induced in the
photoconductor due to illumination by light of frequency v at intensity 10 can

be modeled as follows.
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«— Q. —

FIG. 11. Diagram of an ideal photoconductor consisting of a slab of semiconducting material
with metal electrodes on either end.

Let g be the number of photons absorbed per unit area per unit time.

Then the number of photons absorbed in a layer of thickness d at depth y in
time dt is

aly(1-R)exp(-ay)
hv

gdydt = dydt, (10)

where « is the absorption coefficient for GeSn, R is the reflectivity at the GeSn
surface, and h is Planck’s constant.
The electron and hole concentrations, n. and p, respectively, of the material
are

n,=n,+n(r,t) (11)
and

py=po+p(r.) (12)
where no and po are the carrier concentrations when there is no incident
light, and the second terms represent the added carriers due to

photoexcitation. The photoexcited electrons and holes will diffuse and
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recombine. Since the diffusion coefficients for the electrons and holes are
different, a separation of charge is created. This charge separation creates a
restoring electric field E. Assuming that the material is p-type, so that no =0,
the equations for the electron and hole current densities, j, and j, are
j,=eDVn+enu E (13)

and

J, =—erVp+e(p0+p),upE, (14)
where e is the fundamental charge, D, and D, are the diffusion constants for

the electrons and holes, and u, and i, are the mobilities of electrons and

holes, respectively.

The electrons and holes will recombine with each other with a bulk
recombination lifetime 7, which is proportional to the minority carrier
concentration. Since the material is assumed to be p-type, then the minority

concentration is n. Thus, the continuity equations can be written

on_lgg -y (15)
ot e I T 8

and
op 1 n
e Vej —— 49, 16
ot e T T 8 (16)

To relate the electric field to the carrier concentrations, the equation

—n
V.E=2 (17)
80

45



is used. Substituting the expressions for the current densities into the
continuity equations and using the relation between the field and the carrier

concentrations yields the two equations

%=Dnvzn+nunp_”wnE-Vn—Lg (18)
ot & T
and
d + -
_p — Dpvzp_un (pO p)(p n) _upE.Vp_z_i_g . (19)
ot £, T

Next, assume that |n — p| << n,p so that n ~ p, which yields the

approximations
a—n—DV2n+ EVn-"+ (20)
at n ILLH T g

and
o DV - EVa-"4 (21)
9 r P—H, . 8-

Multiplying these equations by u, and p,, respectively, and summing yields

the single equation

on n
—=DV’n——+g, 22
E» ct8 (22)
where
D +uD
D:un p ‘LLP i’l' (23)

ILLn+ALLp

Using the Einstein relations

u
Vo~ o, S 25
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D can be rewritten as

D= % (25)
D,+D,
The carrier concentration is assumed to be constant over the area of a
single layer of thickness dy. While this is an approximation, the effect of the
change in carrier density across the layer would be negligible. At steady

state, the carrier concentration will no longer change with time and the

differential equation becomes

’n n g
— 5=, 26
where L =+/Drt is the diffusion length.
The boundary conditions imposed here are
on
D—| =s,n(0
o, (0) (27)
and
on
D—| =s,.n(0),
5, =m0 (28)

where so is the recombination velocity at the GeSn/air interface and sq is the
recombination velocity at the GeSn/Si interface. Applying the boundary

conditions yields the solution
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_al,(1-R)T
ST e

(L- sdz')(ocL2 + sof)e_% —(L+ so‘i)(ocL2 - sdf)e’“d v/
e
(L2 + sosd‘t'z)sinh(‘%l)+(s0 + sd)TLcosh(%)

(L+ sdT)(OCL2 + SOT)e% —(L- sor)(a12 - sdr)e’“d g | 29
(L2 + sosdfz)sinh(%)+(so + sd)TLcosh(%)

Now that the carrier concentrations are known, the photocurrent can

X

be calculated. The total photocurrent I,» will be the sum of the photocurrent
due to the electrons 7}, and the photocurrent due to the holes 77, . Ifa

voltage Vis applied to the electrodes, then the individual photocurrents due

to the electrons and holes are

d

n . WVeu,
1= [y dedy="=5 [n(y) dy (30)
0
and
_ WVep,
15,= [ ity dxdy=——=" p(y)dy. (31)

l 0
However, since n(y) = p(y), the photocurrent due to the electrons can be
written in terms of the photocurrent due to the holes as

IZh: blzljh' (32)

where b=y, /1, . Thus, the total photocurrent is given by

48



el (1-R)(1+b)Tu, WV
" 2hv(al’ 1)

(L- sﬂ)(Oth + sor)edL —(L+ so‘i)(ocL2 - sdT)e’“d L( 9 1)
(L2+sosdr)sinh(%)+(so+sd)TLcosh(%) ‘
(L+s,7)(al’ + sor)edL —(L-s,7)(0L’ = 5,T) e ocL(e_% ~ 1)'
(L2 +sosd1')sinh(%)+(s0 +sd)TLcosh(%)

+2(e’“d —1)] (33)

This is a somewhat cumbersome expression to work with. Also, the
recombination velocity at the GeSn/Si interface is an unknown quantity, as is
the recombination velocity at the surface. However, we can write a
simplified form of this by using an effective recombination lifetime 7., given

by the equation
=ttt (34)

and by assuming that the carrier concentration is proportional to ¢ *. Thus,

the photocurrent can be written as

el,(1-R)(1+b)7,,u WV »
Iph: 0 — i p (l—e d). (35)

This expression does not expressly involve the recombination velocities, as
they are included in the effective lifetime. The photocurrent is found to be
proportional to the intensity of the incident light. Thus, if we make a plot of
the measured photocurrent vs. intensity, the curve should be linear with a
slope that is proportional to the effective lifetime. This gives us a convenient

way to measure T experimentally.
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In order to compare the photoresponse of the devices at different
wavelengths, we can define the external quantum efficiency (EQE) 1 as the

ratio of the number of electron-hole pairs created per incident photon. This

quantity can be written in terms of the photocurrent /,, as

1
Tl = p% = hCIph (36)
PA '
/hc ePA

where P is the incident light power, A is the wavelength of the light, and

standard notation is used for the fundamental constants.

4. Results and Discussion

(a) Device processing and fabrication. In all cases, the fabrication
process was completed with no obstacles. The SiO> film growth by PECVD
was found to have a deposition rate of 6 nm/min. The first lithography step
was performed successfully on all of the wafers. The development time was
found to be in the range 50-70 s. The patterned wafers were inspected by
optical microscopy for sharpness of the features. If the smallest features in
the pattern were found to be well defined, then the lithography was
acceptable. This was the case for all the wafers. The SiO; was etched
successfully using BOE and the etch rates were found to be in the range 40-

60 nm/min.
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The GeSn layers were etched using RIE and the etch rates were found to
be 20-40 nm/min. The etched surfaces were examined by SEM to determine
the quality of the mesa definition and surface roughness. A representative
image of an etched Geo.98Sno.o2 film is shown in FIG. 12. The sidewalls of the
mesas were found to be only 5° from vertical, and the features were very well
defined. AFM measurements on a few samples found that the surface

roughness in the etched areas was only a few nm.

FIG. 12. SEM image of a GeSn film on Si that has been etched by RIE. The GeSn has been
etched down to expose the Si on the left, while the GeSn remains intact on the right. The
sidewalls were found to have an angle of 85°.

Exposure to the oxygen plasma was found to fully remove the
photoresist from the wafer, leaving a clean template for the next processing
step. The second SiO; deposition step was found to proceed just as the first.
Again, the deposition rate was found to be in the 6 nm/min range. The

second lithography step using image reversal was found to be successful. The
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development time was found to be in the range 50-70 s, and the wafers were
inspected with optical microscopy to ensure the sharpness of the pattern.
The SiO: in the contact areas was etched away using BOE again, and the etch
rates were found to be the same as previously measured. Metal deposition
was performed via electron beam evaporation of Cr and Au. The Cr
deposition rate was around 6 nm/min, while the Au deposition rate was
slightly higher at 9 nm/min. The metal was lifted off in acetone, leaving well-
defined contacts. An optical image of completed photoconductors fabricated

from a Geo.9gSno.o2 film is shown in FIG. 13.

FIG. 13. Optical image of fully fabricated 250x250 um?2 Geg.9gSno.02 photoconductors.

(b) Electrical and optical properties of devices. The fabricated
photoconductors were characterized with respect to their current-voltage

characteristics as well as their response to illumination by 1550 nm laser.
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The current-voltage curves were found to be linear for all of the devices
fabricated from undoped and p-type GeSn layers. The I-V curve shown in FIG.
14 was taken from a 250250 um? photoconductor made from an undoped

Geo.98Sno o2 film. The linear I-V relationship shows that the contacts are

indeed ohmic, as desired.
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FIG. 14.1-V curve for a 250250 um? photoconductor made from a an undoped Geo.08Sno,02
layer. Inset shows I-V curve obtained from n-type film with same Sn content.

In the case of the n-type photoconductors, the I-V curves were
somewhat nonlinear, as shown in FIG. 14 (inset). This indicates the
formation of a barrier at the metal-semiconductor interface. The resulting
behavior can be explained by the equivalent circuit pictured in FIG. 15.

Essentially, there are two Schottky diodes with opposing polarity connected
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by a resistor made up of the bulk of the GeSn layer. There is rectification in
both directions, but at large voltages one is always reverse biased, so the

current is limited. This produces the symmetric, nonlinear I-V curve pictured

in FIG. 14.
K AAANAD—
GeSn
metal-GeSn material metal-GeSn
interface interface

FIG. 15. Diagram showing equivalent circuit for n-type Geo9sSno.02 photoconductors.

The formation of ohmic contacts on semiconducting materials can be
very difficult. Accordingly, much effort has been put into trying to
understand the physics of the metal-semiconductor interface.!34 In the ideal
case, without surface states or other anomalies, the Schottky barrier height

(SBH) ¢, between a metal with work function ¢,, and a semiconductor with
electron affinity y, is given by!3>
Py =0y — Xs . (37)

Thus, for a given semiconductor, the SBH should depend very strongly on the
metal work function.

In practice, the barrier height is not so straightforward. It tends to
depend on the preparation of the semiconductor surface prior to metal
deposition, which implies that surface states play a major role in the barrier

height. In some cases, the effect of the surface states is so strong that it fixes,
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or “pins”, the Fermi level at the interface and the SBH becomes nearly
independent of the type of metal. This type of behavior is called Fermi level
pinning. This effect has been studied extensively in Ge, and it has been
determined that Fermi level pinning causes most n-Ge/metal contacts to
form Schottky barriers, while p-Ge/metal contacts tend to be Ohmic.136137.138
In the photoconductors studied here, ohmic contacts were produced in
every case except for the GeSn layer with n-type doping. As stated previously,
the undoped GeSn films are found to be p-type with background
concentrations in the range 1016-1017 cm-3. These results are consistent with
those found for pure Ge, which suggests that the Fermi level pinning effect is
present in the GeSn films as well. This is not surprising, as GeSn films with

these modest Sn concentrations still have Ge-like band structure.

TABLE II. Summary of results of measurements of photocurrents on photoconductors
fabricated from undoped layers.

Sn content Thickness Photocurrent, Ip;
Sample ID (%) (nm) (A) EQE, V=1V
APD22A 2.0 300 2.4 %103 3.8x103
APD24A 2.0 470 1.5x 105 2.4 %103
GS28A 2.0 360 2.7 x 106 4.3x10*
APD58A 2.5 560 7.9 x107 1.3x10+*
APD58B 2.5 480 1.2x107 1.9x10+*
T126C 2.5 405 6.3 x107 1.0 x10*
T127A 3.0 510 7.6 x107 1.2x10+*
T127B 3.0 490 7.0 x 107 1.1x10+*
T127C 3.0 440 6.5x107 1.0 x10*
T133B 5.0 200 4.1x107 6.5x 103
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The photoresponse of the devices was measured at 1550 nm for a range
of bias voltages of 0.1-10 V. All of the devices were found to have
measureable response under illumination, but the magnitude of the
photocurrent varied over a wide range, as shown in TABLE II. It was found
that the photoconductors produced from layers that were not subjected to
RTA treatments had photocurrents that were approximately 1-2 orders of
magnitude lower than those that had been annealed. This indicates that the
annealing process does, in fact, improve the crystallinity in the layer. Most
likely, the density of threading dislocations is reduced, thereby increasing the

effective lifetime, which in turn enhances the photocurrent and EQE.
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FIG. 16. Plot of photocurrents vs. incident light power obtained from devices fabricated from
an undoped Geo.98Sno.o2 film for a variety of bias voltages.
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The photocurrents obtained from the sample APD24A are plotted in.
For lower values of the bias voltage, the curve is non linear. As the bias
voltage is increased, the curve becomes linear. From Eq. 35, it seems that it
should be linear for every bias voltage, but this is not the case. This can be
understood by looking at the measurement circuit diagram in FIG. 10. The
bias across the series circuit Vg is held constant, not the voltage across the
device. As the incident power is increased, the current produced in the device
and, thus, the circuit increases. This leads to an increase in voltage across the
load resistor V.. Since Vg is held constant, the voltage V across the device
must decrease. At higher values of Vg, the dark current is higher, so the extra
voltage drop becomes insignificant. Thus, we only see this effect at lower bias

voltages.
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FIG. 17. Plot of photocurrent vs. product of incident light power and voltage across device
obtained from a 259x250 um? device fabricated from an undoped Geo.98Sno.o2 film.

For a given bias voltage, we can easily obtain the voltage across the
device for each value of photocurrent. We can then plot the photocurrent vs.
the product of the incident power and the voltage, as shown in FIG. 17. This
produces the linear result, as expected, and we can obtain the effective
lifetime from the slope. The effective lifetime was found to be 5 ns in the
films with the highest response. This is relatively low compared to the bulk
recombination lifetime in Ge, but the thin layer is subject to the effects of
surface recombination, as discussed in our theoretical model. In addition, the
GeSn layer most likely has a larger defect density relative to bulk Ge, as it is

grown on a mismatched template.

58



Photocurrent measurements on the doped photoconductors did not
yield promising results. The photocurrents in the p-type samples were found
to be on the order of 10-8 A, while the n-type samples showed no
measureable change in current with illumination. In the case of the n-type
samples, this is not surprising, as the lack of Ohmic contacts severely reduces
the efficiency. The addition of the Schottky barrier at each contact makes it
very difficult for the generated charge carriers to be captured at the contacts.
This leads to very low efficiency. Additionally, the high carrier concentrations
cause free carrier absorption, which does not contribute to the photocurrent.
This is why the photocurrents in the p-type photoconductors are so low,
despite the fact that Ohmic contacts were achieved. Additionally, the low
resistivity of the GeSn material leads to high dark currents with degrade the

signal to noise ratio.
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FIG. 18. Plot of external quantum efficiency vs. wavelength of incident light measured on
250%250 um?2 photoconductor fabricated from APD24A. The gray areas indicate the ranges
of the telecom bands.

The sample that showed the highest response was the Geo.98Sno.o2
undoped film, APD24A. Accordingly, further experiments and analysis were
performed on these photoconductors. Additional laser diodes with
wavelengths 1270, 1300, and 1620 nm were used to illuminate the devices,
and the EQE was determined for each wavelength. The results are shown in
the plot in FIG. 18. The quantum efficiency is highest for wavelengths below
1600 nm and then decreases at the 1620 nm wavelength. Still, there is a
significant response even at the longest wavelength. In fact, we see that there

is a significant response in the bands used for telecommunications,
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suggesting that a high-performance detector covering all telecom bands
could be realized using GeSn materials.

These results can be understood by examining the absorption
coefficient of the Geo.98Sno.o2 alloy, as pictured in FIG. 19. The addition of just
2% Sn shifts the absorption edge lower energies relative to bulk Ge due to
the lowering of the direct band gap Eo. Additionally, the edge is broadened
compared to bulk Ge due to alloying. The dotted line in FIG. 19 indicates the
wavelength 1550 nm. At this wavelength we see almost an order of

magnitude increase in the absorption coefficient due to the addition of Sn.

[ T T
- = Bulk Ge
104 — GeO.gssnoloz film

L} L} l'l""

sssssssssnloneeen e o
L L L1

Ll L] l'l'l'l
L L lllllll

4—— A=1550 nm

Absorption coefficient (cm-1)

EE s EsEsEsEsEEsEsEEsEsEEEEEE.
Il llllllll

10’

lllll

1 ] i 1
0.70 0.75 0.80 0.85 0.90
Energy (eV)

FIG. 19. Absorption coefficients of bulk Ge and Geo.9sSno.02 as measured by spectroscopic
ellipsometry. The dotted line indicates the wavelength 1550 nm, at which there is a
significant enhancement in the absorption coefficient of the GeSn film relative to that of bulk
Ge. Ellipsometry measurements courtesy of V. R. D’Costa.
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5. Conclusions

Microelectronic photoconductor devices were fabricated from Ge1,Sny
films for the first time. The fabrication processes were found to yield high
quality device structures, and Ohmic contacts were achieved in all undoped
and p-type devices. Ohmic contacts were not produced on n-type devices,
most likely due to Fermi level pinning at the GeSn/metal interface. The
devices fabricated from undoped films were found to exhibit measureable
response to illumination by incident light at 1550 nm. The devices produced
from films that underwent RTA treatments were found to have much higher
response than those from films that were unannealed. The effective
recombination lifetime in the annealed films was found to be in the
nanosecond range. The spectral dependence of the optical response of the
photoconductors made from Geo.9sSno.o2 films showed that the
photoresponse was significant even at 1620 nm, suggesting the material’s

potential for extended range, high performance detectors.

B. Fabrication and characterization of p-i-n heterostructure

photodiodes from Ge1.,Sny films on Si

Z. Introduction

The successful fabrication of simple photoconductor structures
prompted efforts to produce high performance p-i-n type detectors based on

Ge1,Sny materials. The device processing protocols developed for the
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photoconductors were employed in the fabrication of Ge1.,Sny/Si p-i-n
heterostructure photodiodes. The detectors were characterized with respect
to their electrical and optical properties and compared to those of similar

diodes made from pure Ge films.

2. Materials and Methods

| Cr/Au | }CﬂAuJ

n GeSn

i GeSn

p+ Silicon

FIG. 20. Schematic cross-sectional view (top) and plan view (bottom) of the GeSn/Si n-i-p
heterostructure diode design.

The devices presented in this study are heterostructure type diodes
utilizing a highly doped Si substrate for one side of the junction, as shown in
the example in FIG. 20 (top). An undoped Ge or GeSn layer with thickness up

to 1 um is deposited, followed by a highly doped (~101° cm-3) capping layer
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of opposite type from the substrate with thickness ~100 nm. Samples grown
on p-type wafers with n-type Ge/GeSn capping layers are referred to n-i-p
devices, while those grown on n-type wafers with p-type Ge/GeSn capping
layers are referred to as p-i-n devices for the rest of this section. Circular
mesas are formed and Ohmic contacts are placed in ring geometry, as shown
in FIG. 20 (bottom). The center of the ring serves as the detection window,

and it has an antireflective coating made of SiO».
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FIG. 21. SIMS profile obtained from a pure Ge sample (Ge172, total thickness 980 nm)
showing the atomic concentrations of Ge, Si, and P in the sample as a function of depth. The
high amount of P detected in the Si substrate is an artifact of the system and can be ignored.

The pure Ge growth was performed using the LPCVD method utilizing
GezHe and (GeH3)2CHz, while GeSn growth was performed using the CVD
method utilizing Ge2Hs and SnD4. Both of these growth methods are outlined

in Chapter I. Doping is performed in situ in both growth methods by addition
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of the gaseous precursors B;Hg and (GeH3)3P for p- and n-type layers,
respectively. Doping concentrations in the layers were measured by IR
spectroscopic ellipsometry and verified by SIMS. A typical profile of the
doping obtained via SIMS from a pure Ge sample with total thickness 980 nm

is presented in FIG. 21.

TABLE III. List of substrate resistivities, Sn concentrations, layer thicknesses, and doping
concentrations for heterostructures that were processed into devices.

Intrinsic Capping Capping layer

Substrate Sn layer layer doping
resistivity, type  content thickness thickness concentration

Sample ID (©2-cm) (%) (nm) (nm) (cm3)
Gell6 0.003, n-type 0.0 350 150 2 x 1019, p-type
Gel72 0.010, p-type 0.0 890 90 2 x 1019, n-type
GeSn20C 0.003, n-type 0.2 450 150 1% 1019, p-type
GSPI1208C 0.003, n-type 1.0 440 60 1x 1019, p-type
GSNO1B 0.010, p-type 2.2 355 65 1x 1029, n-type
GSPI22B 0.003, n-type 3.0 315 145 1x 1019, p-type

The samples that were used to fabricate photodiodes are presented
with their parameters in TABLE III. The successfully fabricated photodiodes
were characterized with respect to their electrical properties by measuring
their current-voltage (I-V) dependence. This was done at room temperature
using the apparatus described in Appendix B. I-V curves were also obtained
at temperatures up to 80 °C using a micro-probe station with a temperature
controlled chuck. The optical response of the photodiodes in the near-IR was
also measured using the apparatus described in Appendix B. The external

quantum efficiency (EQE) of the photodiodes was measured in the range 1-
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1.8 um. Additional I-V measurements were taken while the photodiodes

were subject to illumination by a 1300 nm laser, and the EQE dependence on

reverse bias was measured.

3.  Theory

For an ideal p-n diode, the dependence of the dark current / on the

applied voltage V at temperature T is given by the Shockley equation3?

IzlJ}xp(%g)—l}, (38)

where I is the saturation current. At low voltages, the exponential term is

small, so we can write

qV
I=1expl —|. 39
s p(kT) (39)

Experimentally, it is found that the behavior at low voltages is actually

Izlsexp( q ), (40)

where the ideality factor n is a number between 1 and 2. The ideality factor
can be determined by measuring the slope of a logarithmic plot of the current
versus voltage in the region where the curve is linear.

In an ideal diode, the current is due only to diffusion of carriers across
the junction. For real diodes, the current can be modeled as the sum of the

two components. One component is due to diffusion, and the other
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component is due to recombination-generation in the space charge region.

Thus, we can writel39

qV RG qV
I=1"exp| — [+ % exp| =— , 41
* p(kT) ’ p(2kT) (41)

where T is the temperature and /” and I are the saturation currents due

to diffusion and recombination-generation, respectively. From this, we see
that if the current is dominated by diffusion, the ideality factor n should be 1.
If the current is mainly due to recombination-generation, then n will be 2.
From the Shockley equation, we see that at large reverse voltage, the
current becomes saturated at Is. Further insight into the origin of the dark
currents can be gleaned by examining the temperature dependence of Is. The

current should have an Arrhenius dependence on temperature

E
I, o< exp( < ), (42)
kT

where Ej is the activation energy. Thus, if we make a logarithmic plot of the
saturation current versus 1/kT, we can determine E,. For diffusion

currents3?

E

I? o< n? cexp| — |, 43
s o< n p(kT] (43)

where n; is the intrinsic carrier concentration in the semiconductor. For

current due to recombination-generation, we havel3°

E
IR ocp < ex £, 44
‘ i p[sz] (44)
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Thus, if E, is close to Eg, then the current is dominated by diffusion of carriers
across the junction. If E; is close to Ey4/2, it is dominated by recombination-
generation in the space charge region.

The EQE 1 of the p-i-n diodes can be modeled in a relatively simple

way. Let d:p and din: are the thicknesses of the top doped layer and the
intrinsic layer, respectively. In general, the fraction of light absorbed in a
material fass is related to its transmittance T and reflectance R by
f,s=1-T—R. (45)
A full, rigorous treatment would take into account all reflections produced by
the multilayer structure. However, we can approximate by only taking into

account one reflection from the back surface. Thus, we can write

T’ = f;ntnc (1 - T+ - R+ ) + ﬁacknCT+Rbuc'k (1 - T— - R—)’ (46)

where 7, is the collection efficiency, T+ (R-+) is the transmittance (reflectance)

of the entire oxide/Ge stack on Si under illumination from the top surface,
Rbpack is the reflectance at the back surface of the Si wafer, and T-. (R.) is the
transmittance (reflectance) of the oxide/Ge stack for illumination by the light
reflected from the back surface.

For light incident from the top layer side, assuming the same absorption

a, the fraction of light absorbed by the top layer f, is

top

1- exp(—admp)
1- exp[—a(d +d.

top int

Jiop = : 47
] o
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Thus, the fraction of light absorbed by the intrinsic layer f, , is

S S PRSI

top

B exp(—admp)— exp[ (a’mp +a’,m)}

- l—exp[ (dmp+d,mﬂ
l—exp( (xdm,)

- exp(adwp)—exp( ocdm,)

(48)

For illumination from the intrinsic layer side, the fraction of light absorbed
by the intrinsic layer is

1- CXP( O(dm,)
1—exp[ (dmp +d,,1r)}

_exp((xdwp) exp((xdwp)exp( ad,,)
- exp(ocdmp) exp ad,m)

=exp(ad,, ) £, (49)

~fback = 1_

Thus, we can write the EQE as

n=f.ne(1-T, - R.)+exp(od,, ) f,, T Ry 1-T_=R).  (50)

The values for transmittance and reflectance are calculated using

standard transfer-matrix techniques and tabulated optical constants for SiO3,
Ge, and Si. Notice that Eq. 50 treats the light traveling through the Ge device
structure as fully coherent, but neglects the coherence between the light
traveling toward the back surface of the Si wafer and the light reflected at
this surface. The use of the factor fi,: in Eq. 50 is an approximation. A more
rigorous treatment within the transfer-matrix formalism is discussed by

Prentice.140 The assumption that only light absorbed in the intrinsic layer

69



contributes to the photocurrent slightly underestimates the quantum
efficiency, since light absorbed in the top layer will also contribute as long as
the electron-hole pairs are generated at distances from the intrinsic layer
which are comparable to the minority carrier diffusion length.

The expression for the EQE in Eq. 50 depends on the absorption
coefficient of the epitaxial layers grown on the Si. The absorption coefficients
of Ge and Geo.98Sno.02 were measured previously by spectroscopic
ellipsometry, so we can use this data to model the response in devices made
from these films. For other Sn concentrations, we can derive a theoretical
expression. We express the absorption in Ge-like materials as

oc(E):ocE°(E)+ochigh(E). (51)

The first term accounts for the absorption related to the lowest direct
band gap Eo, and the second term incorporates above-band gap transitions.
Indirect transitions below the direct gap are not included. The Ej transitions
involve the heavy- and light-hole valence bands and the s-like conduction
band near the k= 0 (I') point in the Brillouin zone. The dispersion of all these

bands is assumed to be parabolic. We express the Eo absorption as
o (E)= o (E) s (E) = f.(E) ]+ 5" (E)[ £ (E) - £.(E)].  (52)
Here the superscripts chh (clh) refer to transitions between the heavy

hole band hh (light hole band Ih) and the conduction band c. The quantity

' (E) with v = hh or Ih is the absorption coefficient for an empty conduction

band and a full valence band. The Fermi functions f,(E) and f;(E) give the
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occupation probability for the valence and conduction band states separated
by an energy E. We express the absorption in terms of the real (&1) and

imaginary (&2) parts of the empty-band dielectric function as

o (E) =E¢] (E)/[hc,/el (E)}, where c is the speed of light and 7 = h/(27r)

Since the value of €1 changes very little at the Eo gap, we simply use for the
real part an expression of the form £1(F) = 11.03-11.88/(E-2.62), with E in
eV, which has been fit to the experimental real part of the dielectric function
in pure Ge. The compositional and strain dependence of 1 are neglected. For
each of the v = hh heavy- and v = Ih light-hole components, the imaginary part

of the dielectric function is written as!4!

e (E)=¢"(E)+e7(E)S"(E) (53)

X

where £ the below-band gap excitonic contribution given by32

167 Pze“,qu |
R
0

where P is the momentum matrix element, e and m the free electron charge

and mass, |.v the reduced electron-hole mass, & the static dielectric constant,
and the Rydberg is defined as R = ,Ltcve4/(2h28§) . With this definition the

excitonic energy levels can be written as E, = Eoy —Rcv/n?%, where Eyy is the
light-hole (heavy-hole) direct band gap for v = [h (v = hh). The second term in

Eq. 53 is given by the dielectric function &}’ for free, uncorrelated electron-
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hole pairs multiplied by the Sommerfeld enhancement factor S¢. These

quantities are given by32

we PPy’ v
gf(E):W E_EOV) ®(E_E0v) (55)
and
T, R 1/2
ch (E) — ?cve : TCV = cv (56)
sinh,, E-E,,

where 0 (x) is the unit step function.
The needed Eov = Eoin light-hole direct gap and and Eov = Eonn heavy-hole
direct band gap are calculated as function of the strain using standard

deformation potential theory. The corresponding expressions are:

A 1 1 /9 2
E,, =E,+ 70 +0E, - ZéEOOI - 5\/2(5E°°1) +Al+ASE,,

| (57)
EOhh = Eo + 5Eo + 55E001

Here Ao is the spin-orbit splitting at the I'-point of the Brillouin zone and
SE,=2a,(1-C,/C, )¢,

SE,, =-2b(2C,/C, - 1)3”'

(58)

where £ = (a - a, )/a0 , C11 and C12 are elastic constants, an the hydrostatic Eo

gap deformation potential, and b the shear deformation potential.

For pure Ge, all parameters needed for the evaluation of Egs. 54-59
are independently measured (including the matrix element P, which obtains
from the experimental effective masses using k-p theory), and the values we

use are summarized in TABLE IV. For Ge1.,Sny alloys the band structure
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parameters are interpolated in the spirit of k-p theory as discussed in Ref.
141. The deformation potentials and elastic constant ratio C12/C11 are
linearly interpolated with those of a-Sn. Of course, given the small amounts
of Sn in this work, the interpolated values are virtually identical to those of
pure Ge. The only compositional dependence that plays a critical role in our

simulations is that of the direct gap Eo, which, as indicated above, is taken as

E)(y)=EX(1-y)+ E& - by(1- y) with E;*=0.803 eV, E;"=-0.4 eV,and b

0

=-25eV.

TABLE IV. Band structure and elastic parameters for pure Ge used to compute the optical
absorption. A discussion on the selection of these parameters is given in Refs. 141 and 160.

Eo P2/2m Ao an b
(eV) (eV) Uein/m Heqn/m & (eV) (eV) (eV) C12/C11
0.803 12.61 0.0183 0.0300 16.2 0.297 -9.64 -1.88 0.3755

Combining Eq. 50 with our model for absorption yields an expression
for the EQE as a function of photon frequency and direct band gap. This

expression can then be compared with, or fitted to, the experimental data.

4. Results and Discussion

(a) Photodiode fabrication. The p-i-n heterostructure photodiodes are
more complicated than the photoconductors in several ways. They involve
the use of intentionally doped films to create heterojunctions, rather just a

simple slab of undoped semiconducting materials. Additionally, the device
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design requires that the same metal stack be used to form ohmic contacts on
both the substrate and the capping layer simultaneously. Since Ohmic contact
formation is not trivial on either Si or Ge, this is an additional complication.
The mask design is also less forgiving in terms of the alignment. The
photoconductors had a lot of room for error in the alignment of the contacts
to the mesas. In the case of the photodiodes, the tolerances are much tighter,
so misalignment is a real possibility.

The addition of dopants to the materials did not seem to cause any
processing issues. The doping did not affect the lithography, and the etch
rates did not seem to depend on whether or not the material was doped. The
tight tolerance of the metals mask did affect the ability to produce a working
device. The first attempt at producing a set of photodiodes yielded devices
that did not function electrically as diodes. In fact, the electrical behavior
suggested that there was a short across the junction. In order to find the
cause of the short, SEM images of the completed devices were obtained. FIG.
22 shows an SEM image of one of the devices. You can clearly see that the

orientation of the metal contacts is slightly off from that of the mesa pattern.
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FIG. 22. SEM image of device fabricated from Geo9gSno.2 films that did not show diode-like
electrical characteristics. Image was taken at 5 kV energy at magnification of 900x.

From the higher magnification image in FIG. 23, we see that one metal
pad is in contact with both the substrate and the top of the mesa. This is like
attaching a wire to the p and n sides of a p-n diode. Current will flow along
the shorted wire rather than through the junction. This explains the electrical
behavior of the devices. This situation can be avoided by making sure the
alignment is very precise. This takes some practice and a lot of patience.

More details about the alignment process can be found in Appendix A.
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FIG. 23. SEM image of device fabricated from Geo9gSno.2 films that did not show diode-like
electrical characteristics. Image was taken at 5 kV energy at magnification of 4500x.

Another major issue in the fabrication process was the simultaneous
formation of ohmic contacts on both the Si and Ge/GeSn surfaces. The masks
we used only have one pattern for all of the metal contacts, so it is not
possible to use different metals for the top and bottom contacts. Several sets
of devices were attempted using silicon wafers with higher resistivities than
those listed in TABLE III. It was found that the Cr/Au stack formed Ohmic
contacts on the Ge/GeSn capping layers with no problem, but that the contact
to Si was highly dependent on the resistivity of the wafer. In fact, Ohmic
contacts could not be produced on Si using Cr/Au unless the doping in the

wafer was near the 101° cm range, as it is for those wafers listed in TABLE
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[II. For example, use of an n-type Si wafer with resistivity p = 0.05 Q-cm,

which puts the doping in the 1017 cm-3, range did not result in Ohmic contacts

to on the Si. Thus, the devices were not usable.

(b) Characterization of Ge/Si photodiodes. The initial electrical
characterization of all Ge photodiodes involved measurements of their
current-voltage (I-V) curves. Typical results are shown in FIG. 24 (left) for
the p-i-n sample with a 315-nm thick i-Ge layer, and in FIG. 24 (right) for the
n-i-p sample with a 890-nm i-Ge layer. The plots present a set of curves
obtained from diodes with diameters 60, 100, 150, 200, and 250 um. From
the slope of the linear region of the I-V curves (0.0 - 0.2 V), we have
extracted an ideality factor of 1.2, which is close to the ideal value of 1. This
indicates that the dark current is dominated by diffusion rather than
recombination/generation in the space charge region, as expected for high-
quality active Ge regions.

Further evidence for the high quality of our Ge layers is provided by the
low dark current values, which compare very favorably with those reported
for structures prepared under low thermal budgets. For example, Suh et al.
find dark current densities of 2 X 10-2 A/cm? in p-i-n structures with intrinsic
layer thicknesses of 1200 nm grown at 650 °C without further annealing.142
Colace et al. report dark current densities of 0.2 A/cm? in n-i-p structures
with 1000-nm intrinsic layers grown at 600 °C without annealing,143 and

Jutzi and coworkers find dark current densities of 0.1 A/cm? in n-i-p
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structures with an intrinsic layer thickness of 300 nm and a bottom p-Ge
layer grown by MBE at 300 °C.144 In fact, our structures with 350-nm
intrinsic layers have lower dark currents than diodes with similar intrinsic

layers grown at much higher temperatures.14>
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FIG. 24. Current density (A/cm2) curves for photodiodes with diameters ranging from 60 to
250 pm for samples with intrinsic region thickness of 350 (left) and 900 nm (right).

The reason for the observed low dark currents in our devices is most
likely the low density of threading dislocations. In FIG. 25, we show the
correlation between dark current and dislocation density as noted by Colace
and Assanto is shown.146 The grey box corresponds to our measured dark
currents combined with dislocation densities found in similarly grown Ge
layers.102 Qur results are in reasonable agreement with an extrapolation of
the Colace—Assanto line, particularly if one considers the large errors

inherent to an extrapolation of a log-log relationship.
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FIG. 25. Dark current versus dislocation density plot showing a best fit through the data of
Colace and Assanto and the corresponding extrapolation into the regime of our electrical
measurement.

Further insight into the origin of the dark current can be obtained by
examining its temperature dependence. Arrhenius plots of dark current
versus temperature for a set of reverse bias values between -0.2 and -1V
are shown in FIG. 26 for the p-i-n sample with the 350-nm intrinsic layer.
From the slope of these curves, we obtain thermal activation energies Ej,
which decrease with applied bias. The low-bias activation energies are
noticeably higher than half the Ge band gap, indicating a significant diffusion
contribution to the dark current, as expected from the low ideality factor of
1.2. Masini and coworkers!47 have modeled the dark current in n-i-p and p-i-n
devices. The p-i-n structure is found to be independent of the interface
recombination velocity, but for n-i-p structures the dark current depends

strongly on the interface recombination velocity for the case of highly doped
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substrates, such as those used here. Therefore, a direct comparison of dark

currents between p-i-n and n-i-p devices is not straightforward.

In(1)

AV E,=0.32eV
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FIG. 26. Arrhenius plot of the dark current showing an increase of the activation energy with
increasing reverse bias. The activation energies E, > E;/2 indicate that the dark current is
dominated by diffusion.

The dark current densities do not show a strong correlation with the
device diameter, from which we conclude that the leakage current is
generated at the Si/Ge interface or within the bulk of the material rather than
the sidewalls. This indicates that surface states do not play a significant role
in the generation of the dark current. From this, we conclude that the SiO;

coating is sufficient for passivation of the Ge surface.
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FIG. 27. EQE plots for two Ge/Si diode devices. Circles and squares represent experimental
data. The lines are fits based on (1) in which the Ge layer thicknesses are adjusted to match
the EQE oscillations and the collection efficiency is adjusted to fit the measured EQE at 1300
nm.

The photodiodes were also characterized with respect to their optical

response. A plot of the external quantum efficiency (EQE) of two 300 um

diameter Ge/Si photodiodes as a function of incident photon wavelength is
shown in FIG. 27. The theoretical curves (lines) in are fits to the experimental
data (markers) using Eq. 50, in which the collection efficiency 7. is treated as
an adjustable parameter, and the thickness of the intrinsic layer is adjusted
to match the observed EQE oscillations. We find 1. = 0.46 for the thinner p-i-n
sample and 1. = 0.34 for the thicker sample. The fitted layer thicknesses (87
nm n-Ge and 860 nm i-Ge in the n-i-p diode, and 103 nm p-Ge and 389 nm i-

Ge in the p-i-n diode) are within 4% of the thicknesses determined from
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ellipsometric measurements on the wafer prior to device processing. The
discrepancy between theory and experiment at the onset of absorption in the
1500-1600-nm range is not surprising given the strong temperature
dependence of the absorption coefficient in this wavelength range,148 the
possibility of residual strain effects associated with processing, and the
change in the optical constants of Ge under heavy doping, which are

neglected in the simulation.
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FIG. 28. -V curves of the 900-nm Ge photodiode without and under illumination
by a 0.6 mW laser diode operating at 1300 nm.
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FIG. 29. EQE dependence on reverse bias of the 900-nm Ge photodiode without and under
illumination by a 0.6 mW laser diode operating at 1300 nm.

The relatively low value of the collection efficiency at zero bias is
probably due to residual doping in the intrinsic region. This interpretation
implies that the collection efficiency should increase with reverse bias.”> In
FIG. 28, we show I-V curves for the n-i-p detector with an intrinsic region of
900 nm and a diameter of 300 um. The curves were measured under dark
conditions and illumination with a laser emitting 0.6 mW of 1300-nm
radiation. The substantial difference between the illuminated and dark
current as shown in FIG. 28 (red and black traces, respectively) allows us to
extend the EQE measurements to a large reverse bias. At a bias of -0.25V,
the collection efficiency of the n-i-p device is n. = 0.7 and reaches full

collection at about -6 V. This behavior has been observed in Ge diodes based
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on similar heterojunction designs.14? Similar measurements of a 300-um
diameter n-i-p detector with a 350-nm intrinsic layer show that, at a bias of

-0.25V, full collection efficiency is achieved.

(c) Characterization of Geo.9sSho.02/Si photodiodes. First, we examine the
results obtained from the p-i-n photodiodes fabricated from Geo.98Sno.o2 films.
Current density versus voltage measurements were conducted, and
representative plots for devices sizes ranging from 60 to 250 um in diameter
are show in FIG. 30. The results indicate that the dark current densities at -1

V bias are ~1 A/cm?, which is 2-3 orders of magnitude higher than those

found in the pure Ge devices. This can be attributed to both the lower band
gap of the GeSn material and to its higher dislocation density relative to Ge.
The excess dark currents are consistent with the intermediate value obtained
for the diode ideality factor of 1.5, suggesting a significant contribution from
recombination-generation processes. In fact, the defect concentration is
estimated to be significantly higher (by approximately two orders of

magnitude) relative to the defect concentrations in the Ge samples.
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FIG. 30. Dark current density plots for the Geo.9gSno.02 photodiodes with mesa diameters
ranging from 60 to 250 um and active layer thickness of 350 nm.

The nature of the dark currents can be further investigated from their
temperature dependence. The Arrhenius plots in FIG. 31 indicate that the
activation energies E, for a typical 250-um device decrease from 0.18 to 0.09
eV with increasing reverse bias from 0.2 to 1 V, respectively. These values are
much lower than those obtained from the pure Ge devices. Since E; << E;/2,
we believe that some other mechanism in addition to recombination-
generation contributes to the dark current. Similar low activation energies
were reported in Ge diodes by Huang et al.14? albeit at low temperatures.
These workers point out that low activation energies may signal tunneling

contributions to the dark current.
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FIG. 31. Arrhenius plots (natural log of dark current versus 1/kT) of devices with 250 um
diameter. Corresponding activation energies indicate a significant contribution to the dark
current from recombination generation.

In FIG. 32, we show the EQE of the Geo.98Sno.02/Si n-i-p device with an

intrinsic layer thickness of ~350 nm. The EQE was measured at 0 V bias

following the same protocol as with the Ge-based diodes. The solid line is a fit
with Eq. 50, in which we use the absorption coefficients of Geo.9Sno.o2, as
measured by ellipsometry, in place of those of pure Ge. The fit gives n. = 0.70,
which is substantially higher than obtained from the Ge devices. Full
collection is achieved at a reverse bias of —0.25 V. This, combined with the
alloys’ stronger optical absorption, leads to EQEs that are significantly higher
than those of the thicker Ge analogs across the entire near-IR range. At

telecom wavelengths of 1300 and 1550 nm, the EQEs of the GeSn photodiode

are 0.14 and 0.09, respectively, which is ~30% higher than the corresponding
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values of 0.1 and 0.056 determined for the 900-nm thick Ge device. Most
importantly, the plot provides unequivocal evidence that the incorporation of
even small amount of Sn at 2 at% into Ge significantly extends the detection
range of the material. In particular, the EQE of this diode over the L band
(1565-1625 nm) is about a factor of 2 higher than that of any tensile-
strained Ge device in the literature,’>14Z confirming the attractive properties

of Ge1-,Sny alloys for detection in this wavelength range.
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FIG. 32. Experimental (markers) and theoretical (line) EQE of Geo.9gSno.02 photodiode.
Theoretical data was computed using Eq. 50 with absorption coefficients measured by
ellipsometry.

(d) Characterization of Geo.99Sno.01/Si photodiodes. The electrical

properties of the completed photodiodes were characterized by measuring
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the dark current density vs. voltage dependence for the various device sizes.
The plot in FIG. 33 shows the current densities, which are nearly
independent of device size in the reverse direction. This indicates that the
dark current is most likely generated in the bulk of the material or at the
Si/Geo.99Sno01 interface. The data was also used to extract a diode ideality
factor of 1.5, which indicates that recombination-generation in the space-

charge region plays a large role in the generation of the dark current.
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FIG. 33. Dark current density vs. voltage curves for various sized diodes fabricated from
Geo.99Sng, o1 films.

We can compare these dark currents to those measured in similar Ge

(FIG. 24, left) and Geo.908Sno.02 samples (FIG. 30) While the different samples
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do have some slight differences in thicknesses and geometry, the results can
still be compared. The Geo.99Sno.01 devices exhibit lower dark currents than
their 2% counterparts, but they have higher dark currents than the pure Ge
devices. This could be due to threading dislocation densities increasing with
Sn content, however detailed studies of the defect densities as a function of
Sn content have yet to be conducted. The differences in dark currents in the
two GeSn devices cannot be compared on equal footing however, due to the
inversion of the doping type in the substrates and capping layers. This
reversal of the structure leads to a difference in the alignment of the energy
bands. This causes differences in dark currents, which depend on surface and

interface recombination velocities, as explored by Masini, et al.14”
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FIG. 34. Current vs. voltage curves for a 300 um Geo.990Sno.02 photodiode with and withouth
illumination by a 1300 nm laser at 0.6 mW.
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The optical response of the devices was initially characterized by

measuring the current through a 300 um device under illumination by a

1300 nm laser source and comparing it with the dark current, as shown in
FIG. 34. The significant difference between the dark and illuminated current
indicates that the device should work well as a detector at this wavelength.
This difference is substantial even at negative bias, so the performance of the

device may be enhanced through application of a reverse bias to the detector.

External Quantum Efficiency (EQE)

1000 1200 1400 1600 1800
Wavelength (nm)

FIG. 35. EQE at zero bias of a 300 um diameter Geo.99Sno.o1 photodiode is plotted as a function
of wavelength.
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The EQE of a typical 300 wum device is plotted as a function of

wavelength in FIG. 35. The response is high for wavelengths below the band
gap of Ge, as expected. Atlonger wavelengths the responsivity is substantial,
eventually cutting off at about 1750 nm. The responsivities at 1300 and
1550 nm were measured to be 0.1 and 0.07 A/W, respectively, at zero bias.
The application of a reverse bias of only 0.2 V to the detector circuit was

found to increase the responsivity of the device to a maximum of 0.16 A/W.

(e) Characterization of Geo.998Sno.002/Si photodiodes. Current-density vs.
voltage measurements were conducted and a representative curves for 50,
100, 200, and 300 pum devices are shown in Figure 3. If we compare this with
[-V curves measured from a similar pure-Ge on Si device (FIG. 24, left), we
see that the curves exhibit a similar rectifying behavior, but with a somewhat
better ideality factor (1.2) in the Ge device than in Geo.998Sno.002 device (1.3).
The dark current densities at -1V are about one order of magnitude higher in
the Geo.99sSno.0o2 device. On the other hand, similar diodes based on
Geo.98Sno.02 layers show dark currents close to 10 A/cm?, so that the Sn-
doped material represents a significant improvement over bona fide alloys.

In the case of the pure Ge device, the dark current has a thermal
activation energy E; = 0.32 eV at V=-1V, which is close to to E;/2, where Ej
is the fundamental band gap. This clearly indicates a Shockley-Read-Hall
(SRH) generation mechanism. In the Sn-doped material, substitutional Sn has

a measurable impact on carrier mobilities via alloy scattering, but it can be
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ruled out as the source of additional SRH trap states due to the isoelectronic
nature of Sn and Ge. In fact, a study of the temperature dependence of the
dark current (Figure 3(b)) reveals an activation energy of E, = 0.17 eV at -1V,
which is substantially below the value of E, obtained in the pure Ge diode.
This indicates that the excess dark current in the Sn-doped device is not due

to enhanced SRH generation but to some alternative mechanism.
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FIG. 36. Arrhenius plots of the dark current density at selected reverse bias values for a 100
pm Geo99sSno.002 diode.. Activation energies are obtained from the line slopes.

Very low values of the activation energy have been associated with
tunneling transitions.29,30 At this point it is unclear if the defects that cause

the excess dark current in the Sn-doped diodes are located at the interface
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with the Si substrate or in the material’s bulk. The microstructural
similarities between the pure-Ge-on-Si and Sn-doped Ge-on-Si interfaces,
combined with the observation of a standard SRH mechanism in the pure-Ge-
on-Si diodes, suggest a bulk origin for the excess dark current in the Sn-
doped devices. However, the detailed mechanism by which layer-by-layer
growth proceeds at the interface with Si may be very different in the two
cases, since the pure-Ge material is grown by gas-source molecular beam
epitaxy of Ge;He assisted by the CHz(GeHs)2 metalorganic additive,22
whereas the Sn-doped material is grown via CVD of Ge;Hs in the presence of
SnDa. Thus one cannot rule out the possibility that different type of interface
states may be generated by each of these growth processes. Further
investigations of this issue will require systematic studies of devices with
varying Sn concentrations and thicknesses. It is interesting to note that in
diodes based on Geo.98Sno.o2 layers the measured dark count activation
energy at -1V is even smaller (E; = 0.09 eV) Thus the intermediate E, value
obtained for the Geo.998Sno.002 device may signal the onset of a transition from
tunneling to SRH generation. A final point to make regarding the I-V
characteristics is that investigations of the dependence of the dark current
density on the device diameter suggests that the leakage currents do not

originate from the sidewalls of the mesas.
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FIG. 37. Experimental (markers) and theoretical (line) EQE obtained from 300 um diameter
Geo.998Sng.002 and pure Ge photodiodes.

The EQE wavelength dependence at zero bias is shown in FIG. 37. The
large drop in responsivity beyond ~1600 nm is associated with the lowest
direct band gap of these materials near 0.8 eV. Superimposed with the step-
like onset of responsivity at 1600 nm we see oscillations at shorter
wavelengths that are due to interference effects. These are enhanced by

computing the derivatives dR/dA of the responsivities, as shown in Fig. 5.
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FIG. 38. Derivatives of responsivity for the two diodes in FIG. 37. The thin solid lines are
numerical derivatives of the experimental data. The thick solid lines correspond to the
derivatives of the model responsivities in Fig 4, and the dotted lines are the derivates of the
same theoretical calculations but setting the strain equal to zero. The vertical line

corresponds to 1550 nm. The insets show in more detail the spectral region around this
wavelength.

The most striking feature in FIG. 37 and FIG. 38 is the clear shift to
longer wavelengths in the responsivity onset corresponding to the Sn-doped

device, indicating a direct band gap reduction that is clearly measurable even
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for a Sn concentration as low as 0.25%. We also note that this shift is not
accompanied by a broadening of the absorption edge, as seen in the case of
Geo.98Sno.02 alloys. If anything, the direct gap onset appears to be slightly
sharper in the Sn-doped device. Since the observed shift between the two
diodes is comparable in magnitude to those typically induced by strain, a
detailed model is needed to quantify the relative contributions from
composition and strain. The model must also account for interference effects
caused by the optical mismatch of the different layers.

The calculated EQE for the device using the theoretical model is also
shown in FIG. 37. The band gap of the Ge1.,Sn, alloy was interpolated
between that of Ge and a-Sn using the standard expression
E,(y)=EJ(1-y)+E)"y—by(1-y) with E* =0.803 eV, E" =-0.4 eV, and b
=-2.5 eV (Ref. 31). The overall thickness of the intrinsic and p-doped layer
was adjusted to match the oscillations in FIG. 38, and the results were within
5% of the values determined from the RBS and ellipsometry measurements.
The collection efficiency was fit to the experimental responsivity at 1550 nm,
and we obtained 7. = 0.67 for the Sn-doped diode and n. = 0.38 for the pure-
Ge diode. These less than perfect collection efficiencies at zero bias are
probably related to the 1016 cm-3 residual doping in the intrinsic layers. It is
apparent from FIG. 37 that the collection efficiencies are higher at short
wavelengths.

At long wavelengths, the drop in the theoretical responsivity curve is

much sharper than observed experimentally, an effect that can also be seen
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in the derivative profiles. This is because our simulation does not include
indirect gap absorption. In spite of this limitation, the model accounts very
well for the relative spectral shift between the two diodes. To understand the
contributions to this shift, we show in the inset to FIG. 38 (as dotted lines)
the expected responsivity derivatives in the absence of any strain. The effect
of strain and composition are seen to be of the same order of magnitude.

The derivative curves in FIG. 38 offer an easy graphical interpretation of
the “diminishing returns” condition mentioned in the introduction. The
negative peak near 1550 nm represents the spectral range over which the
responsivity changes rapidly as a function of strain and/or composition.
Once this peak is to the right (longer wavelengths) of the vertical line
corresponding to 1550 nm, further increases in Sn concentration and/or
tensile strain lead to much smaller gains in responsivity. It is apparent that
our Sn-doped sample has a nearly ideal combination of tensile strain and
composition to meet this condition. To accomplish the same result based
solely on pure Ge, a tensile strain level of 0.2% would be needed. In fact, such
a detector was fabricated by Liu et al.”> They report a responsivity R = 0.56
A/W at 1550 nm from a 2410 nm-thick Ge on Si diode in which a tensile-
strain level of 0.2% is obtained by growing the bulk of the Ge layer at 700 °C
and annealing the sample at 900 °C. At 1550 nm and assuming n. = 1, our
model predicts a responsivity R = 0.55 A/W for this diode—in very good
agreement with the experimental value—and R = 0.54 A/W from a detector

based on a material with the same Sn concentration and strain level as in our
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Sn-doped Ge. On the other hand, if we want to obtain the same responsivity
using perfectly relaxed Sn-doped layers, we need a Sn concentration of 0.6%.
This is less than the concentration of 0.8% that would be needed to match
the lowest direct band gap in both materials, following the analysis in the
introduction. The discrepancy can be understood by recalling that strain
broadens the absorption edge due to the light-heavy hole splitting. While this
broadening is very small in the derivative profiles shown in FIG. 38, a similar
plot for a tensile strain level of 0.2% shows clear evidence of the separate

absorption edges associated with the light- and heavy-hole bands.
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FIG. 39. Responsivity vs bias of Geg.99gSno.002 photodiode under illumination by a laser diode
at 1300 nm (a) and 1550 nm (b).

For nc = 1, our model predicts the responsivity R = 0.30 A/W at 1300
nm and R =0.17 A/W at 1550 nm for our Sn-doped sample. In Fig. 6 we show
the bias dependence of the responsivity at these two wavelengths and we see
that at 1300 nm we do approach complete carrier collection at reverse biases
above 0.5 V. At 1550 nm, on the other hand, the asymptotic value of the

responsivity is 0.13 A/W, which corresponds to a collection efficiency of . =
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0.74. These bias-dependence measurements were carried out under laser
illumination, and therefore the zero bias values are probably not directly

comparable to those obtained under much weaker lamp illumination.

(f) Characterization of Geo.975n0.03/Si photodiodes. Representative

current-voltage curves obtained from 250 and 500 um diameter diodes are

shown in FIG. 40. The dark currents are an order of magnitude higher than
those in the Geo.9sSno.o2 diodes. This follows the trend of the rise in dark
current densities with increasing Sn incorporation. The high amount of
current means that the current-voltage curve is affected severely by series
resistance. This makes it difficult to find a linear part of the curve for the
calculation of the ideality factor. Depending on which part of the curve is
selected, we can get values of 1.2-1.8 for the ideality factor, so it does not tell
us much. Stil], from the rest of the curve, it seems that this diode does not
have features as sharp as those from the other diodes. Most likely, the
current in these diodes is dominated by recombination-generation in the
space charge region. The curvature in the reverse direction also makes it
difficult to perform thermal measurements since there is no real saturation

current.
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FIG. 40. Current-voltage curves obtained from diodes fabricated from Geo.97Sno.o3 films.

The EQE was measured as a function of wavelength, as pictured in FIG.
41. The EQE remains high almost all the way out to 1800 nm, which is the
end of our detection capability. This seems to be a further extension past the
range covered by the Geo.9g8Sno.o2 detector. However, the high dark currents
lead to a degraded signal-to-noise ratio, making the curve unusually noisy

compared to measurements on the photodiodes produced from lower Sn

content films.
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FIG. 41. EQE vs. wavelength obtained from a Geo.97Sno.03 photodiode at zero bias.

5. Conclusions

The results obtained from the photodiodes fabricated from films with
the various Sn concentrations can be compared for additional insight into the
properties of the GeSn films. First, we examine the dark current densities,
which are pictured in FIG. 42. The lowest reverse currents were measured on
the devices made from pure Ge films, which showed results comparable to
those obtained from similar high performance Ge-on-Si diodes. These diodes
also exhibited the best rectifying behavior, as evidenced by the difference in
height of the two sides of the I-V curve. The reverse current is fairly flat,

similar to the behavior of an ideal diode. Additionally, the ideality factor (1.2)
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obtained from the I-V curve and measurements of the activation energy of
the reverse saturation current indicate that the current in these diodes is
mainly due to diffusion, as is the case for high quality devices. The addition of
0.2 % Sn into the Ge active layer resulted in an increase of about two orders
of magnitude in the dark current, but the diodes still exhibit good rectifying
behavior. The reverse current is fairly flat, as in the pure Ge case. The ideality
factor increases to 1.3, which indicates a slight shift away from diffusion
driven current, and the low activation energy of the saturation current could

indicate the onset of tunneling current.
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FIG. 42. Dark current densities obtained from 250 um photodiodes with varying Sn content.
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As we get to 1 % Sn, the magnitude of the dark current doesn’t change
much from the 0.2 % case, but the reverse current shows a larger slope in the
log plot, indicating a departure from the ideal diode case. The ideality factor
(1.5) indicates that recombination-generation in the space charge region is
playing a large role in the dark current. At 2.2 % Sn, the current has
increased two orders of magnitude relative to pure Ge. The ideality factor is
1.5, as for the 1% Sn diode. The activation energy of the saturation current
has dropped even further, which could indicate a large tunneling component
to the current. When the Sn content is increased to 3 %, the dark current
increases even further, and the rectifying characteristics are seriously
degraded. The ideality factor cannot be determined reliably, but it is
estimated to be higher than that for the diodes fabricated from lower Sn
content films.

The increase in dark current densities, changes in current generation
mechanisms, and degradation of rectifying characteristics in the diodes with
increasing Sn content could be due to an increase in the threading dislocation
densities in the films. It should be noted that the background carrier
concentrations for the pure Ge films are n-type, while those of the GeSn
alloys are p-type, even in the 0.2 % Sn case. This could indicate that Sn

substitution is creating electrically active defects that act as acceptors.
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FIG. 43. EQE curves obtained from 300 um diameter photodiodes with varying Sn
concentration. Curves are normalized to response at 1300 nm for comparison. The
wavelength ranges for the telecom bands are indicated, and the AM 1.5 solar spectrum is
shown for comparison.

The optical response of the detectors can be compared by looking at the
EQE curves normalized to their response at 1300 nm, as shown in FIG. 43. As
the Sn content is increased, the detection edge of spectrum is shifted toward
longer wavelengths. This is due to the strong compositional dependence of
the direct band gap Eo. As Sn is incorporated into the Ge lattice, the direct gap
drops rapidly, as evidenced by the clearly visible shift between the pure Ge
and 0.2 % Sn curves. In fact, the addition of 0.2% Sn pushes the detection
edge out to the C-band, which could make it viable for producing a high

efficiency detector on Si for 1550 nm. The further shift in the detection edge
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with increasing Sn content suggests that alloying with Sn could yield high
efficiency detectors with tunable wavelength ranges to cover the desired
telecom windows. The extended wavelength response of the detectors may
also have significant implications for the design of novel photovoltaic
devices, as shown in FIG. 43, since it makes it possible to capture a portion of
the solar spectrum between 1400 nm and 1800 nm which is largely lost in

current multijunction solar cells based on Ge as the low band gap component.
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III. INVESTIGATION OF LIGHT EMISSION IN GE AND GESN FILMS

GROWN ON SI

A. Room temperature photoluminescence in Ge1.,Sny films

Z. Introduction

In this study, the optical properties of Ge1-,Sn, films with 0 <y < 0.05
were studied using photoluminescence spectroscopy at room temperature.
The Ge1-,Sny layers, grown epitaxially on Si(100) substrates, were subjected
to thermal treatment under ambient H; and their crystallinity was
characterized through high-resolution X-ray diffraction measurements. Using
this method, optimal annealing conditions for the films were determined.
Room temperature photoluminescence measurements were then performed,
and the corresponding peak values were determined via curve fitting. The
results are compared with previous theoretical and experimental work on
the compositional dependence of the direct and indirect band gaps in
Ge1-ySny alloys. Additionally, modeling of spontaneous emission was used to
understand the effects of temperature, strain, and composition on the PL

signal.

2. Materials and Methods

Ge1-ySny films with thicknesses between 430 and 730 nm were grown

directly on Si(100) substrates using ultra-high vacuum chemical vapor
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deposition (UHV-CVD) reactions of GezHs and SnD4 at temperatures between
350 and 390 °C.131 The Sn fraction in the alloy was controlled inthe 0 <y <
0.04 range by increasing the amount of SnD4in the gaseous mixture while
systematically decreasing the deposition temperature to ensure full Sn
substitution. Interestingly, the suppression of island growth remains
effective even when ppm amounts of SnD4 are admixed to the GezHe gas,
leading to extremely dilute alloys (y = 0.0003) that we use as a virtual Ge
reference. In addition, we also study Ge films on Si grown by gas-source

molecular beam epitaxy utilizing Ge2He with the CH2(GeH3), metalorganic

additive.
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FIG. 44. Random RBS spectra of Ge1,Sn, films containing 0.6 (green), 1.5 (red) and 3.0
(black) % Sn and exhibiting thicknesses of 735 nm, 625 nm, and 450 nm, respectively. The
inset is an enlarged view of the Sn signal shown as a shoulder adjacent to the main Ge peak.
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After growth the samples are subject to three cycles of rapid thermal
annealing (RTA) at temperatures between 350 and 750 °C and durations of
5-10 s each, depending on the sample (milder treatments for higher Sn
concentrations). The RTA treatment reduces the levels of threading defects
and relaxes the strain in the epitaxial layers. The Sn concentration in the
alloy films is determined through Rutherford Back Scattering (RBS)
experiments. Representative RBS spectra obtained from selected samples are
shown in FIG. 44. The ratio xmin of aligned over the random peak intensity is
identical for the Ge and Sn channels in the spectra, indicating full
substitutionality of the Sn atoms. The samples, presented in TABLE V, were

prepared up to this point by R. T. Beeler.

TABLE V. List of growth methods, Sn contents (as measured by RBS), and thicknesses for the
Ge1,Sn, films prepared for this experiment.

Sn content Thickness
Sample ID Growth method (%) (nm)
Ge98 LPCVD 0.0 430
Gel59 LPCVD 0.0 670
GeSn01 CVD < 0.1 600
GeSn06 CVD < 0.1 620
GeSn17 CVD 0.6 730
AFITO1 CVD 1.5 620
GeSn25 CVD 2.5 440
GeSn23 CVD 3.0 435
GeSn26 CVD 4.0 410

In my work, an additional heat treatment under hydrogen was adopted
to passivate surface states as well as point defects and possibly dislocation

boundaries. All samples were transferred into an annealing tube furnace,
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pumped at 104 Torr and purged at room temperature with 20% ultrahigh
purity Hz diluted in argon. The pump/purge cycle was repeated three times
after which the wafers were inserted into the hot zone and heated to
temperatures up to 900 °C for 15 to 30 min under a constant stream of Hz:Ar
at ambient pressure. After annealing, the samples were removed from the
hot zone and allowed to cool in the tube with the H»:Ar still flowing.

Upon removal from the tube furnace, high-resolution X-ray diffraction
(HR-XRD) experiments were performed on the samples to determine the
crystalline quality of the Ge1-,Sny films. 6/26 scans were used to measure the
peak corresponding to the (004) reflection in the Ge:1-,Sny layers, and w-
scans were done on this peak to measure the crystal mosaicity. These
measurements were compared with those obtained on the same samples
before annealing in Hz. Additionally, reciprocal space maps of the (224)
reflections were used to determine the in-plane residual strain in the H»-
annealed layers. The HR-XRD measurements were performed by R. T. Beeler.

Room temperature photoluminescence (PL) experiments were

performed using a 980 nm laser focused to a ~100 um spot. The average

power incident on the sample was 200 mW. A Horiba MicroHR grating

spectrometer with 600 lines/mm and blaze wavelength 2 um was used with
a single-channel, LN2-cooled extended InGaAs detector (1.3-2.3 um range) to

spectrally resolve and measure the PL signal. Further details of the

experimental apparatus can be found in Appendix C.
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3.  Theory

We can model the emission from the Ge1.,Sny films in the following way.
First, we start with the imaginary part of the dielectric function at zero
temperature, ignoring the spin-orbit contribution and excluding excitonic

effects, which is given by

= D2 o))" 59)
The dielectric function is related to the refractive index N =n+ik by
N =(n+ik) =g +ie,, (60)
from which we get
£, =2nk. (61)

Now the absorption coefficient is related to the imaginary part of the
refractive index by a =2w/c, so that we get

we
o=—2=. (62)
nc

Thus, our expression for the absorption coefficient becomes

_ 4\/§€2P2 ( 32 32
3m*h’onc

W+ (ho-E)", (63)

o,

where we use the subscript "0" to emphasize that this expression
corresponds to completely full valence bands and completely empty
conduction bands at zero temperature. Now, we use the expression
expression developed by Rosencher for the temperature dependent

absorption a(w),
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a(w)=o, (o) f,(re)- f.(ho)], (64)

where

fv(ha)) = E, (ho)-Ep, (65)
l+e T

is the probability that the valence band state is occupied by one electron.
Here EFry is the quasi-Fermi level in the valence band. Similarly,
1
fi(ho)= — G (66)
l+e
is the probability that the conduction and state is occupied by one electron.
Here Ercis the quasi-Fermi level in the conduction band. Since we are

assuming parabolic bands, the energies of the conduction and valence band

are given by

E (ho)=E,+*(ho~E,) (67)
and
__H
E,(ho)=--—(ho-E,), (68)
m,
respectively.

The electron-radiation Hamiltonian H, in second-quantization

notation in the limit of infinite wavelength is

(e 2rxh "
e ()22 e o
m/)\Vn o

where a is the photon anhiliation operator and V is the volume. If we use

Fermi's golden rule to calculate the transition rate per photon By, we get
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B, = %‘H,f S(hw-E, +E,)

_ zl(ijz( 2mh j‘<v|eLopa|c>‘2 5(hw—E,+E,)

h\m) \Vi'o
4r*e? 2
=m‘<v|eL-pa|c>‘ 5(ha)—Ec+Ev). (70)

If, for example, the light is linearly polarized along the x-axis, we need the px

matrix element, but since we assume cubic symmetry, we take

(eleupa)f =] Kelp o) + el )

If we substitute this into Eq. 70 and multiply by two to account for the light

D. 2+‘<c|pz|v>‘2}:P—2 (71)

3

hole and heavy hole bands, we get

_ 81%*P?

w—m5(hw—Ec+Ev). (72)

If we have electromagnetic waves with a wide spectral distribution, the

optical transition rate in s'1is given by

g,.(k)=B, f.(E)[1- £.(E.)|p,.(ho), (73)

where ppn is the photon density per unit energy in the volume V. Clearly, the

stimulated emission rate is given by

gcv (k): Bcvf; (Ec)[l_ﬁ/(Ev)]pph’ (74)
To this we must add the spontaneous emission rate, which is independent of

the photon density and given by

gl (k)=A,f.(E)[1-£.(E)]. (75)
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In thermodynamic equilibrium, the photon distribution is150

n*(ho)’ v
m'h’c® exp(ho/kT)-

Pon (h w) = (76)

But in thermodynamic equilibrium we must reach a stationary state such

that
8..(k)=g, (k)+g7" (k), (77)
and
f(E)=f.(E)=f(E), (78)
or

B f(E,)[1-f(E)]p,(E.)=B.f(E)1- f(E,)]p,.(E..)
+Af(E)[1-F(E)], (79)

where we have used the delta function in Eq. 72 to substitute

hw=E.—E, =E, .Using Eq. 77 we can rewrite Eq. 80 as

n3E\/2€ V — ACV 80
n’h’c* exp(E, /kT)~1 B, exp(E,/kT)-B,, (80)

This is valid at all temperatures if and only if B., = B¢, or

313
"Euyp —a (81)

2h3 3 cv

Of course, we used thermodynamic equilibrium to derive the
relationships in Eq. 81, but since they represent an intrinsic property of the
system, they remain valid in non-equilibrium situations. Using Eq. 72 we can
write

32
n'E
A = L VB,
ke
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32 2p2
n'kE: e’ P
= 23(V3V
Thc 3

_8ne’P’E], 1 82)
3m’h’c’o T,
where we have defined the radiative lifetime tz. Thus the direct band gap

radiation lifetime is given by

1 8ne’P’E,
T_ = 3mihic’ (83)
R

The spontaneous emission rate is given by the integration of Eq. 75 over the

entire Brillouin zone,

R, (hw)=23 —

) £ (K)[1-£(k)]6(E.—E, - ho). (84)

Converting the discrete sum to an integral and performing the integration

yields

3/2
R‘”’””(hw):TR(;w)(zrlrz)(%) (ho-£)"
xf.LE(ho){1- £,[E, (ne)]}. (85)

And, using Eq. 82, we get
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R

s/mn( 3m2h3030) 27_[2 h2

xf.[E.(no)]{1- £,[E, (he)]}

hoo)= 8nezP2(ha))2( 1 )(2—“)(74@—15‘0)‘/2

B 8«/5ne2P2u3/2w
3m*hic’n’

xf.[E.(no)]{1- £,[E, (he)]}

(hco—EO)'/2

u3/2(ha)—E0)1/2

_( o’ ]{ 82eP’

n’c*h )| 3m*honc

xf.[E.(ho)]{1- £[E,(ho)]}. (86)

Comparing this with Eq. 64, we can write

(87)

(70" ) gy LB RO 1= A E ()]
Rspon(hw)_[ 2h 2] (h ) fvl:Ev(hw):l_fcl:Ec(hw):I '

T hce

Somewhat lengthy but straightforward manipulation of the Fermi functions

yields

n’w’ 1
lh0)=[ 22 a0 ST s
exp T -1

Notice that this expression is always positive, as expected. The absorption

becomes negative (gain) for 7@ < E,, — E,.,, but this is exactly compensated

by the exp-1 term in the denominator of Eq. 88, which becomes negative for
the same condition. If the photon frequency is much larger than the

temperature (which is the case for our experiment), we get
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2.2 E —E V b
RSPM (ha)):[ nzwz]a(hw)expl:( - kB[;—') }

n-hic
[ n’e’ o (ho)ex AE, —ho (89)
“\ 7 P |

where we have defined AE, to be the difference in the quasi-Fermi levels of

the conduction and valence bands.

Now that we have an expression for the emission rate in terms of the
absorption coefficient, we can use the more complicated model for
absorption developed in Chapter II, which takes into account excitonic
effects. This should give us a more accurate model for the luminescence.
While the calculated absorption is limited to the direct band gap, the
conduction band minima at the L-point are fully taken into account for the
computation of Er. It should also be noted that strain is only taken into
account in an approximate way, in that the lattice is assumed to be cubic. The
effects of strain are added via the quasi-Fermi level calculations, but a more
rigorous treatment would take into account the deviation from the cubic

lattice symmetry.

4. Results and Discussion

(a) Annealing of GeSn films in Hz ambient. The Ge1.,Sny, films were
annealed in the tube furnace under H; ambient for 15-60 minutes over a
range of temperatures, which varied with the Sn concentration. In the case of

the pure Ge films, the annealing temperatures were as high as 900 °C. In FIG.

116



45, we plot the results of the 20 /w scan of a Geo.975Sn0.025 sample before and
after annealing in H2 ambient. We clearly see the (004) reflections of the
GeSn and Si as distinct peaks. The peak position shifts slightly in the H»-
annealed sample with respect to the peak measured before annealing. This is
most likely due to residual strain in the film. The strains were measured
using (224) reciprocal space maps of the GeSn films and were found to be in
the range 0.1-0.2%.

To the right of the GeSn peak, we see that there is a tail. This is due to
alloying at the GeSn/Si interface. The alloying produces regions where the
lattice parameter is slightly smaller than that of the GeSn film. This is most
likely due to diffusion of Si into the GeSn layer, since the alloy at the interface
is Ge-rich. The tailing in the (004) peak was observed in films annealed at
temperatures of 750 °C and above. As the temperature is increased, the tail
on the GeSn peak gets larger. Past some critical temperature, the GeSn films
become unstable and will begin to decompose. An example of this is
presented in FIG. 46, in the 20/w scan from a Geo.96Sno.o4 film that was taken
past the critical temperature is shown.

Additional insight into the effects of the Hz-annealing can be obtained
by comparing the w rocking curves of the (004) peaks from the layers before
and after annealing. The width of the peak corresponds to the spread in
alignment of the crystal. The more narrow the peak, the more the crystal is

aligned. It was found that annealing in H> tends to decrease the full-width
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half-max (FWHM) of the peak, as shown in FIG. 47. This indicates that the

crystallinity of the GeSn films is improved by Hz-annealing.
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FIG. 45. Representative plot showing 26/w scan of a GeSn film before and after annealing in
H; ambient. The peaks corresponding to the (004) reflections in Si and GeSn are identified.
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FIG. 46. Plot of 20/w scan of Geg.9sSnoe4 film after annealing past the critical temperature.
The main GeSn peak is identified, along with a secondary peak due to decomposition of the
layer.
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The annealing time also had a minor effect. It was found that 30 minutes
improved the crystallinity to a greater degree than 15 minutes, but that any
extra time past 30 minutes did not make a significant difference. The optimal
annealing temperatures and the measured strains in the films are shown in

TABLE VL
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FIG. 47. Plot of w rocking curve scan of peak from (004) reflection from a Geg.975Sno.025 film.
In order to verify that the Hz environment was indeed having an effect,
some annealing experiments were performed on pure Ge films under pure N>

ambient. In these experiments, it was found that near the optimal H-

annealing temperature, the surface of the Ge film annealed in N2 became

119



discolored and the film was damaged. This indicates that the Hz environment

is instrumental in the annealing process.

TABLE VI. Sn concentrations, optimal annealing temperatures, and measured bi-axial tensile
strains in the Hz-annealed Ge1,,Sn, films.

Optimal annealing

Sn concentration temperature Tensile strain
Sample ID (%) (°Q) (%)
Ge98 0.0 825 0.19
Gel59 0.0 825 0.19
GeSn01 <0.1 825 0.19
GeSn06 <0.1 825 0.14
GeSn17 0.6 825 0.14
AFITO01 1.5 750 0.15
GeSn25 2.5 680 0.16
GeSn23 3.0 650 0.14
GeSn26 4.0 550 0.13

The use of high temperature annealing in Hz has been previously shown
to reduce threading dislocation densities!>1152 and improve the surface
qualities’>3 of Ge-on-Si films. The surface effects were explained by Nayfeh et
al.,153 who suggested that the hydrogen atoms tend to attach to Ge atoms and
increase the Ge surface mobility by reducing the Ge diffusion barrier during
annealing. However, our results seem to indicate that there is a bulk effect,
rather than just surface passivation.

Hydrogen passivation of defects in Si has been observed under high-
temperature annealing in Hz,154 as well as through exposure to hydrogen
plasma.t>> The similar behavior of Ge and Si with hydrogen suggests that the

mechanism by which defect passivation occurs is the same in both materials.
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Miller et al.156 studied the role of hydrogen in Ge crystals through Raman
spectroscopy. The authors found that there were hydrogen-induced platelets
along the [111] direction, similar to those found in hydrogenated Si crystals.
Thus, it is likely that the role of hydrogen passivation of defects in Ge is

achieved by the same mechanism as in Si.

(b) Photoluminescence measurements. The PL spectra obtained from the
Ge1,Sny films are presented in FIG. 48. It should be noted that for each
sample, the intensity increases upon Hz-annealing, but since the thermal
treatment is not identical for all samples, the relative intensities may not
reveal any intrinsic material property, and in fact we find that they fluctuate
within one order of magnitude without any systematic dependence on y.
Therefore the spectra are shown normalized to a single intensity for easier
comparison. The main peak, with a full-width at half maximum (FWHM) of
about 50-60 meV, shows a clear compositional dependence. For the pure Ge
or extremely diluted Ge1.,Sny alloys, (collectively referred to as "Ge-films") it

appears at 0.776+0.002 eV.
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FIG. 48. Photoluminescence spectra obtained from Ge1.,Sn, films under 400 mW illumination
by 980 nm laser.

Measurements of bulk Ge samples were performed under identical
experimental conditions for comparison, as shown in FIG. 49, and the results
reveal a PL lineshape very similar to that reported in the literature,’? with a
high energy peak at 0.787 eV (FWHM = 45 meV) which corresponds to the
direct gap Eo. Thus we also assign the main peak in our spectra to Eo. The
small 11 meV difference between bulk and epitaxial Ge as well as the
increased linewidth is perfectly consistent with the 7 meV and 23 meV
downshift expected for transitions between the conduction band minimum
at I’ and the heavy- and light-hole bands, respectively. The similarity of the

PL linewidth between alloy and Ge-layers is quite surprising in view of the
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fact that theoretical fits of the absorption coefficient in Geo.9sSno.02 require an
additional Gaussian broadening of 70 meV. The result suggests that the states
at the tails of the Gaussian distribution are "dark" in terms of their emission
properties. The high-energy shoulder observed in most of the spectra in FIG.
48 has also been seen in p-type Ge samples and assigned to optical
transitions that do not conserve crystal momentum.!5 An alternative
explanation in our samples is direct-gap emission from the region close to
the interface with the Si substrate, where Si intermixing would increase the

Eo energy.

— Bulk Ge
— Ge film

PL Intensity (arb. units)

0.0 1 1 1 1 !
0.65 0.70 0.75 0.80 0.85 0.90

Energy (eV)

FIG. 49. Comparison of PL spectrum obtained from bulk Ge wafer with that obtained from a
pure Ge film. The spectra are normalized to have the same maximum intensity.
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A third weak peak at lower energy than the Eo peak is apparent in most
spectra. The peak appears at 0.703+0.002 eV in the Ge films. This is close to
the indirect gap (Einda) emission peak at 0.692 eV we observe in bulk Ge. We
thus assign our weak low-energy peak to Eing transitions. It should be pointed
out, however, that the Einq emission from bulk samples may not be directly
comparable with the emission from thin films grown on Si substrates. In bulk
Ge, the 95 meV separation between the direct and indirect emission peaks is
significantly less than the 140 meV separation between the actual Eo and Eind
gaps. This discrepancy reflects the complex structure of the indirect gap
emission spectrum, which includes no-phonon as well as phonon-assisted
transitions. The presence of defects such as misfit dislocations is likely to
affect the relative weight of the no-phonon and phonon-assisted processes,
so that the peak energy observed in epitaxial samples may not be directly
comparable with the peak energy in the bulk. Moreover, while indirect gap
emission is dominant in bulk samples, previous work on Ge-on-Si layers
shows spectra that are completely dominated by the Ej transitions. The
reason for this is probably an increase in non-radiative recombination6?
combined with the lack of thermodynamic equilibrium between the electrons
at the L- and I'-valleys.”? A quantitative theory, however, is lacking, and this
makes it very difficult to extract the precise location of Einq from spectral
lineshapes such as those in FIG. 48. Nevertheless, the peak values were

estimated using Gaussian curve fitting.
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The energy value of the Eo peak is plotted as a function of Sn

concentration in FIG. 50. The compositional dependence of the direct band
gap can be writtenas E,(y)=E;(1-y)+E)"y—by(1—-y), where EJ* is the
direct band gap in Ge, E," the direct band gap in a-Sn, and b the so-called
bowing parameter for the gap. If we fit the results in FIG. 50 with this
expression, where E(f" =-0.4 eV, and E(?e and b are taken as adjustable

parameters, we obtain b = 1.5 eV. However, if we exclude the sample with
concentration y = 0.04, we obtain b = 1.8 eV, which is very close to the value b
=1.9 eVin Ref. 141. Moreover, if we exclude the samples with
concentrations y > 0.02, we obtain b = 2.7 eV. This suggests a compositional-
dependent bowing parameter, and implies that the quadratic form is not
complex enough to describe the compositional dependence of the direct band
gap. This behavior in the bowing parameter was seen in theoretical
calculations by Yin et al.1>7 and the large bowing was found to be due to a

disordering effect.
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FIG. 50. Plot of emission energy of direct gap peaks from Ge1.,Sn, films as a function of Sn
concentration y. The solid line is a fit with a quadratic dependence constrained to yield the
Eo gap of a-Sn for y=1. From this fit, we obtain a quadratic bowing coefficient

b=1.5eV.

Since the band gap at the I'-point is expected to drop faster than the

band gap at the L-point, the separation between the peaks of the direct and
indirect transitions should decrease as a function of y, and this appears to be
confirmed by the measured results shown in FIG. 51. There is a general trend
of decreasing separation with increasing Sn concentration, but there is a
large uncertainty in the determination of the value of the peak energy for the
indirect gap, so there is quite a bit of scatter in the plot. A line fit to the data
predicts that the separation between the two peaks goes to zero at around y

= 0.11. However, if we leave out the data point for y = 0.04, the fit predicts the
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separation will go to zero at y = 0.09. These values are lower than those
predicted by theory,111112 and agree reasonably well with other experimental

results.110

80* I | |
n
N
70 < < _ .
S ~ .
Q ~
E R
I,E) 60 — = ~ o =
' [ | -\
5 T~ "
w S o
50 — - ~
. ~
40 | | 1
0 0.01 0.02 0.03 0.04

Sn concentration y

FIG. 51. Plot of energy separation between peaks assigned to the direct and indirect band
gaps in Ge1.,Sn, films as a function of Sn concentration y.

The direct gap emission spectra were also modeled using Eq. 89 and fit
to the experimental spectra, as shown in FIG. 52. Since the expression only
models the direct gap emission, the “fits” are somewhat qualitative. The fit is
done by hand and we emphasize agreement on the high-energy side, which is
less affected by the indirect edge. The Ge samples were fit first, using the
temperature as an adjustable parameter to match the peak emission. Next,

the GeSn samples were fit individually, using a fixed temperature taken as
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the average of the Ge samples, and the bowing parameter b was adjusted

until perfect agreement with the peak energy was achieved.
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FIG. 52. The experimental PL spectra (markers) are compared with the fits (lines) obtained
using the theoretical expression in Eq. 89.

As an example, we consider the spectrum obtained from the 4% Sn
sample under 400 mW illumination power, as shown in FIG. 53. The fit to the
pure Ge spectra under the same illumination power yielded an average
temperature of 345 K. Using this temperature as a fixed value, we then fit the
spectrum for the 4% Sn sample using the bowing parameter b as an

adjustable parameter, until the peak value matches. A value of b = 1.5 eV
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works well, and this is in agreement with the bowing parameter calculated

from the fit in FIG. 50.
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FIG. 53. Measured PL spectrum (red markers) and theoretical fit (black line) for 4% Sn
sample under 400 mW illumination by 980 nm laser.

The main factor that affects the intensity of the fit is the carrier
concentration. Of course, since we are photoexciting, the electron and hole
concentrations are the same. In this case, I find good agreement with the

high-energy lineshape for n = p = 51018 cm-3. In all of the fits, which are

presented with the experimental data in FIG. 52, the carrier concentration n

was found to be in the 1018-101% cm-3 range.
Using the sample parameters and optical data for 2% GeSn, the amount

of light absorbed in the layer should be approximately 40%. This should not
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be very far off for 4% Sn, so we will take this as 0.4. The laser spot size is

estimated to be 125 um. With a thickness of 410 nm, this gives a volume of

5x10-° cm3. The carrier concentration is

I’l:7, (90)

where 7is the recombination lifetime and G is the electron-hole pair

generation rate:

P
G=04x—, (91)
10)

where P is the laser power. Combining these two equations, we get

If we insert values using an incident power of 400 mW, a photon
wavelength of 980 nm, and the above-calculated volume, we obtain for n =

5%1018 cm-3 a value of T = 30 ns. This value is several orders of magnitude

shorter than the values found for undoped bulk Ge, but this could be
accounted for by the higher carrier concentrations, which tend to decrease
the lifetime.1>8 The lower value could also be due to higher surface and
interface recombination, as well as a higher density of defects, in the film
relative to bulk Ge. In fact, the lifetime is not too far off the value of 5 ns
found for the 2% Sn photoconductors in Chapter II. However, the films used
in the PL experiments were grown later than those for the photoconductors,

and the quality of the films has shown general improvement over that time.
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The change from 5 ns to 30 ns might just be due to the different techniques
involved, but if one wants to be optimistic, it might reflect the improvement

in sample quality over time and the effect of the H2 annealing.

3. Conclusions

In summary, we have detected room-temperature photoluminescence
from Ge1-ySny alloys directly grown on Si substrates. The main luminescence
peak is assigned to the Eo gap of the alloy and displays a compositional
dependence very similar to that of the Eo gap obtained from spectroscopic
ellipsometry experiments.110 A weaker peak is assigned to the indirect gap
transitions, and the separation between the direct and indirect emission
appears to decrease as a function of the Sn-concentration y, as expected for
these alloys. The tunable nature of the emission wavelength, the reduced
separation between the direct and indirect minima in the conduction band,
and the successful p- and n-type doping of these alloys!33 makes them an

attractive alternative to pure Ge for laser devices grown on Si.
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B. Electroluminescence from Ge and Geo.08Sno.o2 p-i-n heterostructure

diodes

Z. Introduction

Luminescence from interband transitions occurs when electrons in the
conduction band recombine with holes in the valence band and the excess
energy is released as a photon. In the case of photoluminescence, the initial
excitation of electrons into the conduction band occurs via absorption of
photons. However, this is not the only way to excite the electrons across the
gap. Consider a semiconductor p-n junction under forward bias. As current
flows, minority carriers are injected across the depletion region, thereby
promoting them to the higher energy state. In the case of Ge, this can
populate both the L- and I'-valleys, giving rise to both indirect and direct
band edge luminescence, as described in Chapter I. In this study,
electroluminescence from Si/Ge and Si/Geo.98Sno.o2 p-i-n heterostructure

photodiodes under forward bias was measured and analyzed.

2. Materials and Methods

The heterostructure diodes studied in this section were two of the
photodiodes described in Chapter II. Schematics of the two devices are
shown in FIG. 54. In both cases, nominally intrinsic Ge1.,Sn, films were grown

on p-type Si(100) wafers with resistivity p=0.01-0.02 Q-cm. This layer was
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capped by an n-type Ge1.,,Sny layer, with addition of P(GeH3)s as the source of
the dopant P atoms. For y=0, the pure Ge films were grown using the low-
pressure CVD method (described in Chapter I), based on mixtures of Ge2Hs
and (GeH3)2CHz, while the y=0.022 films were grown using the hot-wall CVD
method (also described in Chapter I) with Ge2Hs and SnD4. The thicknesses of

the layers, doping concentrations, and values for residual tensile strain are

listed in TABLE VII.
(a) Sample: Ge172 (b) Sample: GSN01B
Sio, Sio,
n-Ge \ n-GegogSn
Cr/Au 00650402 \Cr/Au
i'Ge / i'Geo_gssno_oz /

FIG. 54. Diagrams illustrating the structures of the (a) p-Si/i-Ge/n-Ge and (b) p-Si/i-GeSn/n-
GeSn heterostructure diodes.

TABLE VII. List of Sn contents, thickness of intrinsic layers, thickness of and doping
concentration in capping layers, and residual tensile strains (measured by HR-XRD) for the
two heterostructures in this study.

Intrinsic layer ~ Cappinglayer Concentration in Tensile

Sn content thickness thickness capping layer strain
Sample ID (99) (nm) (nm) (cm3) (%)
Gel72 0.000 900 90 2.5x1019 0.17
GSNO1B 0.022 350 60 1.0x1020 0.12
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Both samples were processed into circular mesa diodes with a
diameter of 300 pm. The mesas were defined by lithography and processed
by reactive ion etching using BCl3 gas. Both contacts to the diode electrodes
consist of Cr (20 nm)/Au (200 nm) layer stacks. The contact areas were
patterned by lithography, the metals were deposited by electron beam
evaporation, and the pads were finalized by liftoff. The final devices exhibited
good rectifying diode characteristics. A full account of their fabrication
process and a detailed analysis of their optical responsivity and I-V
characteristics can be found in Chapter II.

The excitation of the diode devices for the EL measurements was
provided by a stabilized current source. The light emitted from the devices
was collected with a focusing lens (numerical aperture = 0.5),
monochromatized by an f= 320 mm grating spectrometer, and detected with
an extended LN-cooled InGaAs detector operating in the 1300-2300 nm
range. The injection current source was pulsed to provide modulation for
lock-in detection. Further details of the experimental apparatus can be found
in Appendix C. The spectral dependence of the emission intensity was

recorded at various magnitudes of current for each device.

3. Theory

The electroluminescence produced by the diodes can be modeled in the
same way as the photoluminescence. The observed spectra can be modeled

using the same generalized van Roosbroeck-Shockley expression!>? in Eq.
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89. The absorption coefficient is modeled in exactly the same way as
presented in Chapter III.

Using appropriate band structure parameters,1¢? our model provides a
convenient way to account for strain, composition, and temperature effects.
While the calculated absorption is limited to the direct band gap, the
conduction band minima at the L-point are fully taken into account for the
computation of Er.. We assume that the emitted light originates from the
nominally intrinsic layers, even though the highly n-doped cap layers might
be expected to make an important contribution. However, surface
recombination will reduce the light emission from these layers, and in fact
we do not see PL associated with the n-layers of the p-i-n devices.

The emission intensity is taken as proportional to the intrinsic layer
thickness, and with this assumption the experimental EL spectra for all
measured currents and both samples can be fit simultaneously with the van
Roosbroeck-Shockley equation, assuming that the carrier concentrations are
proportional to the injection current and using as adjustable parameters an
overall normalization factor, the value ng of the electron concentration at the
lowest injection current for each diode, and the sample temperatures T; at
each current. Since the model does not account for indirect gap emission, we
can fit only the peak and high-energy range of the direct gap emission. This
avoids the spectral region where direct and indirect emissions overlap most
noticeably. The correlation between the fit parameters no and T; is very low

because the peak emission energy is essentially determined by T.
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4. Results and Discussion

s PL
— EL

Z

Intensity (arb. units)

0.60 0.70 0.80 0.90
Energy (eV)

FIG. 55. Electroluminescence (EL) signal from the Ge and GeSn diode devices compared with
room temperature photoluminescence (PL) spectra from similarly grown Ge and GeSn
layers. For the EL spectra, the current density was 0.8 kA/cm? for the Ge device and 1.4
kA/cm? for the GeSn device. The PL spectra were obtained under 980 nm laser excitation.
The relative scale of all spectra is arbitrary. The main emission peak is assigned to direct-gap
transitions in all spectra.

FIG. 55 shows EL spectra at the lowest currents for which the signal was
measured. These are compared with PL spectra from equivalent layers
grown on Si using the same technique. The main peak is assigned to emission
from the Eo gap. In the pure Ge case, the peak energies from the EL and PL
spectra are in excellent agreement. For the GeSn samples, there is a small

relative shift, which is mainly due to the slightly higher (2.5% versus 2.2%)
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Sn concentration in the PL sample. The shoulder on the low-energy side of
the spectra is assigned to indirect gap transitions. We notice that the
shoulder appears closer to the main peak in the GeSn samples, in agreement
with the expected reduction of the direct-indirect separation as a function of
the Sn concentration. The relative direct/indirect signal strength is larger in
the PL experiments as compared with the EL measurements. This will be

discussed below.

o
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FIG. 56. (Left) Electroluminescence spectra from a Si/Ge heterostructure p-i-n diode as a
function of the injection current density. (Right) Electroluminescence spectra from a
Si/Geo.978Sno.022 heterostructure p-i-n diode as a function of the injection current density. The
successive spectra have been shifted vertically for easy visualization. The solid lines
represent a fit with Eq. 89. All spectra were fit simultaneously using a single normalization
parameter.

137



The results of the fits of the PL data with Eq. 89 are shown as solid lines
in FIG. 56. For the Ge diode we find a nearly perfect fit of the peak intensities
for no = 1x101° cm=3 and a nearly perfect fit of the high-energy line shapes for
no = 1x1018 cm-3. The curves shown correspond to no = 5x1018 cm~3 at 0.85
kA/cm?, which provides a good compromise. The device temperatures
obtained from the fit are in the 330-380 K range. For the GeSn diode there is
more ambiguity in the fit parameters because a change in temperature or
composition could shift Ey the same way. Also, the compositional dependence

of the I'-L separation is not known with certainty, and the range of injection

currents is reduced with respect to the pure Ge diode. We obtain a good fit
with no = 2.5x1018 cm-3 at an injection current of 1.4 kA/cm?, about three
times less than in the Ge device. This suggests shorter nonradiative
recombination lifetimes for the GeSn device, in qualitative agreement with its
less optimal I-V characteristics, as discussed in Chapter II.

FIG. 56 (left) shows the injection current dependence on the EL spectra
for the Ge diode and FIG. 56 (right) shows the corresponding data for the
GeSn diode. For both devices, the signal intensity shows a superlinear
behavior, as seen in FIG. 57. A similar superlinear behavior has already been

reported in pure Ge diodes grown on Si substrates.86:90
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FIG. 57. Experimental electroluminescence peak intensities (markers) and corresponding
theoretical predictions (lines) based on Eq. 89. The different emission intensities from the
two samples are explained by their different thicknesses as well as by their different
electron-hole concentrations at a given injection current.

The calculated intensities are also summarized in FIG. 57, and we see
that the agreement with experiment is very good. Implicit in our modeling is
the assumption of quasithermal equilibrium in the conduction band. Under

these conditions there is a common quasi-Fermi level Er. for both the I'- and

L-valleys, and the calculated emission intensity is sensitive to their
separation. For example, our model assumes that for y = 0.022, the I
minimum is 82 meV above the L minimum.160 If we keep this separation at
140 meV, as in pure Ge, a fit of the emitted intensities would require roughly

the same electron concentration in both diodes at a given injection current.
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This is less likely in view of the higher nonradiative recombination rates

expected for GeSn. While this analysis is qualitative, the sensitivity to the I'-L

separation suggests that it may be possible to obtain the compositional
dependence of this quantity from a comparison of the EL spectra of a series
of Ge1-,Sny, diodes with varying Sn concentrations.

Within the context of the quasiequilibrium model, the different ratios of
direct/indirect emission intensities in the PL and EL experiments, as shown
in FIG. 55, can only be explained by assuming a higher electron concentration
in the PL samples. It is not clear, however, if a quasiequilibrium model can
also explain the notorious differences between the emission from bulk Ge
and the emission from Ge or GeSn layers on Si.708690 [n the former, the
indirect gap luminescence is much stronger relative to the direct gap
luminescence than in the films. Moreover, earlier experiments in p-doped Ge
showed that the ratio of indirect to direct PL intensity was affected by the
excitation photon energy.1¢! Different relative emission intensities were
obtained if the photoexcited electrons were injected into the I'- or L-valleys,
which indicates a departure from quasiequilibrium. This, combined with the
surprisingly good I'-valley confinement observed in the quantum Stark effect
experiments,162 suggests that the intervalley relaxation times may not be
much shorter than the characteristic recombination times in Ge, and
therefore the quasiequilibrium approximation may break down. If this turns

out to be the case, the modeling of the direct gap PL and EL in Ge and GeSn
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devices would require a much more sophisticated approach that

incorporates an explicit mechanism for intervalley electron transfers.

5. Conclusions

In summary, we have observed direct gap EL in p-i-n heterostructures
with Ge1-,Sny active regions. The data are consistent with the reduction of the
I'-L separation expected on theoretical grounds and observed in PL
experiments. The emission from both pure Ge and GeSn alloy samples can be
understood in terms of the same model, suggesting the feasibility of electrical
injection in devices based on GeSn layers with higher Sn concentrations and

truly direct band gaps.
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IV.  CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

This work presents several major results for GeSn alloys. First,
processing protocols were developed and tested for fabrication of
microelectronic devices from GeSn films grown on Si. These protocols were
used to create photoconductors from GeSn, which represent the first GeSn
devices ever produced. From these simple detectors, a large change in
conductivity was observed under illumination. Furthermore, measurements
taken at different wavelengths suggested that the material could show
extended wavelength response relative to pure Ge.

Next, the first p-i-n type structures were produced from Ge and GeSn
films with up to 4 % Sn, high efficiency photodetectors were fabricated and
characterized, and the results were compared to understand the effect of Sn
incorporation on the optoelectronic properties of Ge. The dark currents in
the devices were found to increase monotonically with increasing Sn content
in the films. This could be due to higher defect densities in the films, but it
could also indicate some other conduction mechanism in GeSn relative to Ge.
This is supported by the fact that the 0.2 % Sn devices show higher dark
currents than those produced from pure Ge films, despite the fact that the
crystallinity of the samples seems to be nearly equal.

The spectral response of the devices was found to be extended to
wavelengths past the band gap of Ge, due to the decrease in both the direct

and indirect band gaps in GeSn as a function of Sn content. This results in
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detectors that are tunable over the telecom windows by incorporating Sn at
appropriate concentrations. With just 2 % Sn, all of the telecom bands are
covered by a single detector. Additionally, the 2 and 3 % Sn detectors cover a
portion of the solar spectrum that is not captured by pure Ge, suggesting
possible applications for photovoltaics.

The emission properties of GeSn films were studied at room
temperature via photoluminescence measurements. A series of GeSn films
with Sn content up to 4 % Sn were illuminated with an IR laser and found to
exhibit direct band gap luminescence with tunable peak emission
wavelength. This is the first known luminescence from thick GeSn films. The
peak energy shifts to lower energy with increasing Sn content, due to the
decrease in the direct band gap with increasing Sn in the films. Additionally,
indirect band gap luminescence was observed, and the peak was also found
to shift to lower energies with increasing Sn content. The separation between
the emission energies of the direct and indirect peaks decreases with
increasing Sn, and the data suggest a crossover from indirect to direct band
gap material between 9 and 11 % Sn.

Further studies were performed via electroluminescence
measurements on Si/Ge and Si/Geo.98Sno.02 p-i-n heterostructure diodes
under forward bias. The diodes were found to exhibit luminescence with
lineshapes and peak energies similar to those seen in the PL experiments. A

significant shift between the emission peak energies of the two samples was

143



observed, due to the shift of the direct and indirect band gaps with Sn. These
results represent the first electroluminescence observed in GeSn films.

The positive results obtained from these experiments represent a large
step forward for GeSn materials, making them potentially viable for
commercial applications in the future. We have essentially created
photodetectors integrated on Si using CMOS-compatible processes. However,
the high dark currents may limit their widespread use. This may be
addressed through further studies of the conduction mechanism and defect
levels in GeSn films. The defects are probably the key to understanding the
electrical properties of GeSn, so they must be studied in detail. A good next
step for the detectors would be to integrate them with Si waveguides. This is
already being done with pure Ge detectors, so it should be feasible for GeSn,
and it would represent a significant step towards optical interconnects.

The observance of luminescence via both optical and electrical pumping
bodes well for the future of GeSn as an emitter. The Sn content needs to be
increased, and a direct gap material needs to be realized. Furthermore, the
films presented here could be used to create laser structures, such as the
optically pumped Ge-on-Si laser produced at MIT. A logical next step is to try
and recreate this laser without using the n-type doping. Relaxing the
requirement for doping would make it more feasible for an electrically
pumped laser to be produced. With integrated photodetectors already
produced, and with LED’s and lasers within grasp, the prospects for GeSn as a

material for optoelectronics are indeed bright.
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APPENDIX A

FABRICATION AND PROCESSING PROTOCOLS
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This appendix contains a description of the clean room processing
protocols developed for fabrication of microelectronic devices from Ge and
GeSn films grown on Si substrates. Some work was also done on SiGeSn films,
and the fabrication protocols seemed to transfer well.

There are several sets of masks for producing different devices. We
currently have masks for producing (a) photoconductors, (b) photodiodes,
(c) metal-semiconductor-metal diodes, and (d) solar cells. Each set of masks
consists of one mask for the mesa definition and one or two masks for the
metal contacts. The only set with two metal masks is for the MSM devices, so
that two different metals can be used on the two contacts.

The first step in the fabrication process is to deposit about 150 nm of
SiO; to act as a protective coating during the subsequent processing. This
layer is sacrificial - it will be completely stripped later. As such, its quality is
not critical. There are two PECVD tools for deposition of SiO;, the
Plasmaquest and the Oxford 100. The Plasmaquest is an older tool that uses a
He plasma. The SiO2 is formed by flowing SiH4 and N20 through the plasma
onto the wafer surface. The deposition rate is typically around 1 A/s. The
Oxford 100 uses a lower power N20 plasma. SiH4 flows through the plasma
and onto the wafer surface. This produces much higher deposition rates (up
to 20 A/s) than the Plasmaquest. Prior to the deposition, the native oxide is
removed by sonicating the wafer in methanol for 10 minutes, and then

drying in N2. Whenever possible, a small piece of bare Si is placed on the
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sample holder with the wafer so that the oxide thickness can be measured
easily.

Once the oxide is deposited, the wafer is ready for the first lithography
step. Prior to spincoating, the wafer should be rinsed with acetone, methanol,
and IPA, and then dried with N> to assure there are no particles on the wafer
surface. The mesa definition has always been done using AZ3312 photoresist,

which is a positive photoresist. It can get sharp features down to about 1 um

with proper care. The lithography recipe is below.

AZ3312 recipe

1. Clean wafer with acetone, methanol, and IPA. Dry with N».

2. Spincoat with HMDS. Spinner recipe: 500 rpm, 2 s ramp, 10 s spin;
3000 rpm, 5 s ramp, 30 s spin.

3. Spincoat with AZ3312. Spinner recipe: 500 rpm, 2 s ramp, 10 s spin;
3000 rpm, 5 s ramp, 30 s spin.

4. Bake on hot plate for 60 s at 100 °C.

5. Expose at 45 mJ]/cm?2.

6. Develop in AZ300MIF for 50 s.

7. Rinse with DI water, dry with Na.

8. Check features under microscope and develop for additional 5 or 10 s,
if necessary.

9. Rinse with DI water, dry with Na.

10. Bake on hot plate for 60 s at 110 °C
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[t is best to use the 4” chuck on the spinner and use low tack blue tape
squares cut to the size of the chuck, unless you have an entire 4” wafer.
Typically, we have processed irregularly shaped pieces of wafers. There are
two tools for alignment and UV exposure - the EVG and the OAI The OAl is
my tool of choice, but either can be used. The first exposure, for defining the
mesas, is relatively easy. Care must be taken to orient the wafer to maximize
the number of usable devices and alignment marks. When using small wafer
pieces on the OAl, it is best to use the blue tape on the 4” chuck. The 2” chuck
does not level correctly, which causes problems with the exposure.

The development must be done with care. I usually check the wafer
under the microscope after 50 s of development, and then do 5 or 10 s more
if needed. If it needs more time, there will be colorful patterns in between the
device mesas. The alignment marks are the smallest features on the mask, so
they can be used to check the development. The features should be sharp. If
the development goes too long, the features will be washed out.

Next, the SiO2 must be etched away so that the GeSn can be exposed.
This is accomplished by immersing the wafer in BOE (20:1 NH4:HF). The etch
rate is typically 40-60 nm/min. Three minutes is usually sufficient to remove
the oxide. Care must be taken not to etch too long. This can cause what is
known as undercutting. The SiO; starts to etch underneath the photoresist,
degrading the quality of the features in the pattern. The SiO2 color will

change as it is etched away. Once it is gone, the areas between the device
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mesas should be the color of the GeSn film. It is helpful have a piece of
unprocessed wafer to compare at this point. If the colors match, then the SiO>
is etched.

The GeSn material is etched using RIE in BCl3 plasma. Over time, the
results of this process have been inconsistent. Etch rates can be as low as a
few nm/min or as high as 50 nm/min. Typically it is something like 30-40
nm/min. In most cases, I etched all the way down to Si, so the etch time was
not important. In a few cases, I tried to hit precise target depths, but I found
that the etch rates were not always reproducible, so [ was unsuccessful. The
etch depth can be measured using the Tencor profilometer, but the
photoresist must be removed first, so no further etching can be performed.
This makes it very difficult to etch precise depths. If you etch down to the Si,
it will be apparent by the color. It will be the color of a bare Si substrate. A
side-by-side comparison in the microscope is a good check.

In some cases, a black residue formed during the etching process. It is
unclear why this developed. It could not be removed by any subsequent
processing. We tried oxygen plasma, boiling Microstrip 2001, and a variety of
other solvents. The Oxford 80 RIE tool has some issues. In particular, the MFC
that controls the BCl3 has problems maintaining the proper flow. It is
typically low, which causes the etch process to be interrupted when it goes
out of tolerance. This can only be avoided by ignoring the tolerance and

setting the target flow to a higher value. It is possible that there is something
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wrong with the MFC. It is also possible that there is something wrong with
the BCl3 gas source, as it seems to have unstable pressure.

Once the mesas are etched, the photoresist can be removed by
immersing the wafer in acetone for several minutes. Rinse with methanol
and IPA and dry with N2. Any remaining photoresist residue can be removed
in the Tegal asher. The wafer should be exposed to oxygen plasma at 100 W
for 5 min. The device areas are now formed on the wafers, and they are ready
for formation of metal contacts.

The next step is to coat the wafer with SiO2 passivate the GeSn surfaces
and form the antireflection coating. This oxide layer is more critical than the
previous, so the quality of the oxide must be high. Prior to deposition, the
surface should be hydrogen passivated by immersing the wafer in 1:20 HF
(49%) in methanol. Rinse in methanol, dry in N2 and place immediately in the
PECVD chamber. The tool should be ready for the wafer before starting the
hydrogen passivation so that the time the wafer is exposed to air is
minimized. It helps to have two people to do this. The low deposition rate of
the Plasmaquest seems to help the surface passivation. Devices with the
oxide from the Oxford 100 have shown high amounts of current along the
surfaces. [ think this is due to the higher deposition rate of this tool as
compared to the Plasmaquest. It should be possible to develop a recipe on
the Oxford 100 that achieves the same deposition rate as the Plasmaquest.

This should be done in the future, as the Oxford 100 is a cleaner tool.
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The oxide thickness is chosen to minimize reflection of incident light
from the device at a certain wavelength. However, many of the devices are
used over a large wavelength range, so the thickness must be chosen
carefully. We used 520 nm at first, and then switched to 420 nm since it gave
better broadband antireflection. Later, we moved to 270 nm, which is ideal
for 1550 nm light. The thickness must be determined prior to processing, and
this is used as the target thickness for the second oxide deposition.

After the oxide has been deposited, the wafer is ready for the second
photolithography step. Most of the metals masks require using image
reversal, but the older photodiode masks do not. When doing image reversal,

AZ5214 is the photoresist to use. It can resolve features down to 2 um easily.
1 um is supposedly achievable, but I have not seen it done successfully.

AZ5214 seems to work very well for lift-off, and it is the preferred

photoresist for this process. The recipe for using AZ5214 is below.

AZ5214 recipe
1. Clean wafer with acetone, methanol, and IPA. Dry with N».
2. Spincoat with HMDS. Spinner recipe: 500 rpm, 2 s ramp, 10 s spin;
4000 rpm, 5 s ramp, 30 s spin.
3. Spincoat with AZ5214. Spinner recipe: 500 rpm, 2 s ramp, 10 s spin;
4000 rpm, 5 s ramp, 30 s spin.
4. Bake on hot plate for 90 s at 95 °C.

5. Expose with mask at 50 mJ/cm?2.
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6. Bake on hot plate for 60 s at 115 °C.

7. Expose without mask (flood exposure) at 200 m]/cm?.

8. Develop in AZ300MIF for 50 s.

9. Rinse with DI water, dry in No.

10. Check features under microscope and develop for additional 5 or 10 s,
if necessary.

11. Rinse with DI water, dry in N».

If a positive photoresist must be used for lift-off, as is the case for the
older photodiode masks, then AZ4330 must be used. AZ3312 is not thick

enough (~1.4 um) for an effective lift-off. AZ4330, which has a thickness of 4

wm using the recipe below, is better suited for this purpose.

AZ4330 recipe

1. Clean wafer with acetone, methanol, and IPA. Dry with N».

2. Spincoat with HMDS. Spinner recipe: 500 rpm, 2 s ramp, 10 s spin;
3000 rpm, 5 s ramp, 30 s spin.

3. Spincoat with AZ4330. Spinner recipe: 150 rpm, 2 s ramp, 2 s spin;
500 rpm, 2 s ramp, 5 s spin; 5000 rpm, 5 s ramp, 30 s spin.
Bake on hot plate for 90 s at 95 °C.

4. Expose at 80 mJ/cm?.

5. Develop in AZ300MIF for 50 s.

6. Rinse with DI water, dry with Na.
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7. Check features under microscope and develop for additional 5 or 10 s,
if necessary.
8. Rinse with DI water, dry with Na.

9. Bake in oven for 30 min at 80 °C

The alignment of the metal contact pattern to the device mesas is
critical for producing working devices. For the photoconductors and solar
cells, this is fairly easy to do, as there is much room for error in the mask
design. The other devices have smaller tolerances and require precise
alignment. When using small wafer pieces, this can be very difficult, as only
one of the two microscope objectives can be used. This makes adjusting the
rotation of the wafer relative to the mask very hard to do. I have found that it

is best to start with a gap of 100 um and do a course alignment. Next, move to
50 wm separation, focus on an alignment mark at the top left of the wafer,

and adjust the position and rotation of the wafer to match the alignment as
closely as possible. Move the microscope objective to an alignment mark on
the same line, but on the right side of the wafer. Adjust the rotation, then the
position. It is important to remember which way you rotated it. Keep going
back and forth between the two opposite alignment marks, making small
adjustments at each step. Once it is aligned as well as possible, move to the
bottom of the wafer and do the same thing. Repeat as many times as
necessary until all alignment marks look good everywhere on the wafer. This

can be a tedious process, but this alignment is critical. If you are using both
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microscope objectives simultaneously on a large wafer, this is very easy to do
since you have two points of reference.

Misalignment of the metal contacts to the mesas can cause the devices
to be shorted. This happens when the metal pad connects the top of the mesa
to the substrate. On the older photodiode masks, this is especially true since
the spacing between the contacts is so small. The newer photodiode masks
have a little more tolerance, so they are a bit easier to align.

After the metal patterning is complete, the oxide must be etched away
to expose the surfaces for subsequent deposition of metals. This is done
using BOE, as for the previous oxide etch. Again, this etch is critical. If the
oxide is not completely etched away from the contact area, there will be a
barrier between the metal and the semiconductor. This will cause the
contacts to not behave as intended. If the etch goes too long, the oxide starts
to etch underneath the photoresist. This can cause the devices to be shorted.
The etch depth can be checked via optical microscopy. When all of the oxide
has been etched away, the surface should be the same color as the
unprocessed sample.

Metal contacts are formed via electron beam evaporation at a base
pressure of 3x10-¢ Torr. Immediately prior to placement in the evaporation
tool, the native oxide should be removed by immersing the wafer in BOE for
20 s. Ohmic contacts can be formed on highly doped (~101° cm-3) Ge, GeSn,
and Si by depositing 20 nm Cr, followed by 200 nm Au. These contacts should

not need any annealing. If the semiconductor is not as highly doped, then
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formation of Ohmic contacts can become difficult. On Si, one can typically
form Ohmic contacts by evaporation of Al, followed by annealing at 400 °C
for up to 30 min. However, Al does not form Ohmic contacts on most Ge and
GeSn surfaces. For almost all our devices, there is only one type of metal
contact, so this does not produce working devices. Accordingly, one should
always use the lowest resistivity Si wafers possible, if an Ohmic contact will
need to be formed on the Si.

Schottky contacts were only attempted on Ge or GeSn once. | deposited
50 nm amorphous Ge, followed by 200 nm Ag, when trying to fabricate a
MSM device. The MSM requires two metal depositions and thus two
lithography steps for metal patterning. The second pattern is formed while
there is metal on the surface from the first contact. It was found that the Ag
reacts with the photoresist, turning the metal contacts black. This situation
can be avoided by depositing an additional layer of metal, such as Au. These
contacts were found to be slightly rectifying, but they did not have adequate
barrier heights to produce a reasonable device.

Evaporation of metals takes some practice to control the deposition
rates. Al is particularly tricky, as it has a tendency to creep up the sides of the
crucible. Use a FabMate crucible with Al or Al/Si(1%) whenever possible, as
it has a special coating to help prevent this. The Al provided by the clean
room uses the FabMate crucibles. Cr comes in small pieces and it never really
melts in the crucible. It stays as individual pieces, which glow red when hot.

It is important to burn off the oxidized surface of the Cr prior to opening the
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shutter for the actual deposition. Deposition rate should be about 1-1.5 A/s.
Au will melt completely, and the deposition rate should not exceed 2 A/s.
Lift-off is performed by immersing the wafer in acetone. This is usually
done overnight, but may be done in just a few minutes. The acetone should
dissolve the photoresist and allow the metal to peel off. It has a tendency to
stick to the surface, but it can be removed by spraying with acetone
repeatedly. Quick dips in an ultrasonic bath can also help, but you should not
leave the wafer sonicating for extended periods of time. Once the metal is
lifted off, the only metal on the wafer should be the contacts. This can be
verified by optical microscopy. Finally, any remaining photoresist is removed

by exposing the wafer to 200 W oxygen plasma for 5 min.
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ELECTRO-OPTICAL DEVICE CHARACTERIZATION APPARATUS
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This appendix contains a description of the measurement apparatus
designed and used for the electrical and optical characterization of GeSn-
based microelectronic devices presented in this dissertation. The system is
capable of performing standard 2-point electrical measurements, as well as
measuring the external quantum efficiency (EQE) of photodetectors in the

range 0.8-1.8 um.

The system is centered around a microprobe station with a chuck
capable of mounting wafers up to 6”. The probe station is enclosed in a large
metal dark box in order to shield it from light and electrical noise. The chuck
is connected to a vacuum pump so that the substrate can be can be held
stationary. There are two electrical probes mounted on micropositioners.
The probes have triaxial (triax) leads coming off of them, which connect to
panel mount triax connectors on the dark box. There is a microscope with a
CCD camera attached to the computer to aid in positioning the probes.

The triax cables are specially shielded for very low noise applications.
These cables are similar to regular coaxial cables, but there is an extra
conductor sleeve between the signal and ground. The center conductor is low
impedance and carries the signal. The inner ring also carries the signal, but
this lead is high impedance. Since the inner ring and center leads are at the
same potential, there is no leakage between them. The outer ring is the
ground. The high impedance signal lead does not carry a significant amount
of current, so there is very little leakage between it and the ground. Thus,

there is very little leakage between the signal and ground, and the
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capacitance of the cable is drastically reduced. These cables were essential
for making the quantum efficiency experiments work.

Electrical measurements are performed using a Keithley 2400
sourcemeter. The Keithley does not have triaxial connections. Instead, the
two triaxial cables from the dark box are connected to a small box which then
couples the signal into a single BNC connector. The Keithley is connected via
a BNC cable. The Keithley is capable of simultaneously performing one
source and one measure function. This can be any combination of current
and voltage. Simple functions can be done from the Keithley front panel, but
current-voltage measurements are typically done via a custom LabVIEW
program written for this purpose.

Optical measurements require a more complicated setup. [llumination
of devices is achieved via a halogen lamp connected to a spectrometer or
discrete laser diodes coupled into a custom fiber optic cable that has been
specially shaped on one end to focus the light to a small spot. The incident
light is modulated by an optical chopper, and the device response is
measured using a simple current-to-voltage converter circuit and a lock-in
amplifier.

The lamp and spectrometer are both made by Spectral Products. The
lamp is a 100 W high power tungsten-halogen (part number ASBN-W,
replacement bulb part number ASBN-WB-100L), which is coupled to a
grating spectrometer (part number CM110, serial number 22241). The exit

slit of the spectrometer has a fiber coupling assembly so that the light can be
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focused into the end of a fiber optic cable equipped with an SMA connector.

The light is coupled into a 600 um diameter fiber (Thorlabs part number

M41L02), which is connected to a custom-made fiber bridge. The fiber bridge
consists of a collimation lens, which creates a free space beam, followed by a
focusing lens to couple into another fiber. There is a gap of about 4 inches in
between so that the optical chopper and interference filters can be inserted.

On the other side of the fiber bridge, the light is coupled back into a 50 um

diameter fiber that is goes into the dark box. The other end of the fiber is

shaped such that it creates a spot with diameter ~5 um at a working distance
of only about 1 um. The end of the fiber is held in place by a fiber chuck,

which is connected to a micropositioner. The fiber tip can be seen in the
microscope, and is positioned such that the spot is in the center of the device.
The power output from the fiber can be measured using a power meter
(Newport part number 1931-C) with a Ge diode detector. There is a custom
LabVIEW program (MC spectrum measurement.vi) set up for measuring the
light power output as a function of wavelength. You input the starting and
ending wavelengths and the step size (in nm). It sweeps through the
specified range setting the wavelength on the spectrometer, and then reading
the power from the power meter. The data are recorded in a tab-delimited
text file with wavelength (in nm) and power (in W) as columns. When doing
measurements in the IR, it is necessary to use a long pass filter to block

unwanted harmonics from the light source. The power output delivered to
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the device is typically around 1 yW when using the halogen and 975 nm long

pass filter.

There are also several fiber-coupled laser diodes, which can be
connected directly to the input on the fiber bridge. These discrete sources
have much higher power output than the halogen. They are typically in the
mW range. These do not require the long pass filter to be used. The diodes
have variable power output, which can be controlled using a current source.
The DC power supply (Agilent part number E36404) is used in constant
current mode for this purpose. When using the laser diodes, it is important to
have the specifications handy, so that you never exceed the maximum
current rating. If the current goes too high, it will destroy the diode.

Detection is accomplished by measuring the voltage across a resistor
placed in series with the diode. A fixed bias is held across the series circuit.
This circuit is hardwired into a metal box with 4 connections. The two triax
connectors are for the electrical probes, while the two BNC connections go to
the input on the lock-in amplifier and the Keithley sourcemeter. The Keithley
is used to apply the bias voltage across the voltage divider circuit. The circuit
is hardwired to reduce noise, but the resistor must be changed to fit the
experimental parameters. Low resistance does not provide much gain, but it
tends to reduce noise since Johnson noise increases with resistance. One
must also be sure to keep the absolute voltage across the load resistor below
1V, as that is the maximum input voltage for the lock-in amplifier.

Responsivity of devices often increases with increasing bias voltage, but this
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increases the dark current and absolute voltage across the load resistor, so
this can affect the choice of load resistance. There is a balance between gain
and noise while keeping the voltage at appropriate levels.

In principle, one could do this measurement without the use of a lock-in
amplifier. You could measure the voltage across the load resistor with a
multimeter before and after illumination. The difference in the voltage could
then be used to calculate the photocurrent and EQE. However, the
photocurrent is typically very small compared to the dark current, especially
when a bias is applied, so the measurement has a very poor signal-to-noise
ratio (SNR). By modulating the light with the optical chopper, an oscillating
voltage signal is produced across the load resistor. This oscillating signal is
measured by the lock-in, which is essentially a very narrow bandpass filter.
Noise occurs at every frequency, so by only selecting a certain frequency, it is
possible to drastically reduce the noise level, thereby increasing the SNR.

The lock-in measures the voltage using Fourier analysis. The input
signal (voltage across the load resistor) and the reference signal (TTL signal
supplied by the optical chopper is converted to a sine wave in the lock-in)
have the same frequency, but are out of phase. The two signals are phase-
shifted and multiplied together, then expanded in a Fourier series. The
readout (R) of the lock-in is the coefficient on the Fourier component that is
at the fundamental frequency. All other components are ignored, which
removes most of the noise. The input signal is a square wave, while the

reference signal is a sine wave. Using standard Fourier analysis, the change in
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voltage across the load resistor AV, isrelated to the voltage readout on the

lock-in V, by

2
o,

AV, > (B1)

The photocurrent can then be calculated by
AV, 2z, 52)

" R 2R,

L L

where R, is the load resistance. The responsivity R is calculated by taking

the ratio the photocurrent to incident light power.

The detection circuit is frequency dependent. It seems to work best at
low frequencies, so I typically used 50 Hz. The lock-in has a button labeled
SYNC FILTER, which should be used whenever the frequency is below 200
Hz. Also, the line filter will cut out frequencies near 60 Hz, so that should be
used as well. The sensitivity should be set so that the highest measured value
is just within range. You want to use as much gain as possible without going
into overload. It helps if you know where the highest response will be, but
this is not always predictable.

The lock-in takes some time to make a measurement. This time is
determined by the time constant. This is essentially the time over which the
signal is integrated. Longer time constants usually decrease noise, but past a
certain point there is no improvement. The time constant has to be long
enough that it captures a significant number of periods from the oscillating

signal. There is also a significant delay in the response of the lock-in to
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changes in the measurement. For instance, if the wavelength of the incident
radiation is changed, the signal measured by the lock-in will change. Because
of the filtering on the lock-in, there is significant capacitance on the input, so
it takes several time constants for the lock-in reading to catch up. A good rule
of thumb is to wait 5 time constants before taking a measurement. In the
LabVIEW program that runs the spectral response measurement, there is a
field titled “Set wavelength delay”. This field is time the program waits after
changing the wavelength on the spectrometer before measuring the value
from the lock-in. Thus, it should always be at least 5 times the time constant.
The time constants for EQE measurements on photodiodes are typically 3 or
10s.

The spectrometer, lock-in, and sourcemeter are all connected to the
computer and controlled via a custom LabVIEW program (spectral response
measurement.vi). The program needs as an input the file which contains two
tab-delimited columns. The first column is the wavelength (in nm), and the
second column is the incident power (in W). This input data is put into an
array, and the wavelength column determines at which wavelengths the
responsivity will be measured. At each wavelength specified in the file, the
voltage from the lock-in is read, and the photocurrent and responsivity are
calculated. The wavelength (in nm), incident power (in W), lock-in voltage (in
V), photocurrent (in A), and responsivity (in A/W) are recorded as columns
in a tab-delimited text file whose name and location are input by the user.

This file can then be imported into a spreadsheet program for data analysis.
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The system is also capable of measuring the responsivity as a function
of bias voltage using a custom LabVIEW program (Response vs. bias
measurement.vi). The wavelength and intensity of the incident light are held
constant, and the bias voltage across the detector circuit is swept, measuring
the responsivity at each voltage. The data are recorded in a tab-delimited text
file with voltage (in V) and responsivity (A/W) as columns. This
measurement is best performed using one of the laser diode sources. 1300
and 1550 nm are common wavelengths for telecommunications and are used
for comparison in the literature. The higher intensity of the laser diode
source produces a higher SNR, which means the time constants can be
reduced.

The spectrometer also has its own software called CM-B. It was written
in LabVIEW by the manufacturer of the spectrometer. It can be used to move
the spectrometer to a certain wavelength, change gratings, or perform
calibrations. LabVIEW cannot be open at the same time as CM-B. If they are
both open, the computer can go to blue screen and all data is lost. This is
because of the way CM-B communicates with the spectrometer via the RS-
232 port. It seems to leave the connection open all the time, so if another
program tries to access that port, there is a hardware conflict and the system

shuts down.
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APPENDIX C

ROOM TEMPERATURE PHOTOLUMINESCENCE AND

ELECTROLUMINESCENCE MEASUREMENT APPARATUS
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This appendix contains a description of the apparatus designed and

used for measurement of near-IR (0.8-2.3 um range) photoluminescence (PL)

and electroluminescence (EL) from GeSn materials and devices. This system
is designed to measure small amounts of luminescence. It maximizes the
amount of light collected, while sacrificing on wavelength resolution. Thus,
the peaks tend to be broad. This is not a problem for our application, since
band edge luminescence is typically very broad anyway.

The wafer is prepared for the experiment by mounting it to a glass slide
using rubber cement. The wafer is placed on the slide first, and then tiny
dabs of rubber cement are put on the corners. This minimizes the stress put
on the wafer during temperature changes. The laser tends to heat the sample
some, so this could have a small effect. The glass slide is mounted to a stage
using double-sided tape. The stage has vertical and horizontal tilt adjustment

knobs and is mounted on a pole that can slide along a rail.
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FIG. C1. Schematic of photoluminescence measurement system.

A schematic of the PL system is presented in FIG. C1. A 980 nm solid-
state laser (OEM systems) with power up to 400 mW is used as the excitation
source. [t puts out a collimated square beam about 3 mm in width. It has a
dedicated power supply that supplies constant current. The power output of
the laser can be measured using the smaller power meter (Newport part
number 1916-R) with the thermopile detector (Newport part number 818P).
Around 680 mA of current is needed to produce 400 mW of power from the
laser.

The beam is bounced off of a gold-coated mirror, and then focused on
the sample. The beam is aligned along the rail that the sample stage is

mounted on so that the beam and sample stage are always aligned in one
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direction. The beam is focused by a 1” diameter, 2” focal length spherical
plano-convex lens (Thorlabs part number LA1131-C) with antireflection
coating for the near-IR. An optical chopper (Stanford Research Systems part
number SR540) is placed in the beam path to provide modulation of the light
for detection using a lock-in amplifier.

The light is collected and focused into an f= 320 mm grating
spectrometer (Horiba-JY Micro-HR) for wavelength selection, which is
controlled by the Fluoressence softare provided by Horiba. The light from the
wafer is collected with 1” diameter, 2” focal length plano-convex lens
(Thorlabs part number LA1131-C) with antireflection for the near-IR. When
focused properly, this lens creates a collimated beam. This lens was chosen

to have a large numerical aperture (NA). The NA can be calculated using

f

NA=——,
2D

(€1

where f1is the focal length of the lens and D is the diameter. It is also
proportional to the sine of the collection angle. Thus, increasing the NA of the
collection lens increases the amount of light captured. This is critical when
trying to measure small signals.

The collimated beam produced by the collection lens is focused onto the
entrance slit of the spectrometer using a 1” diameter, 4” focal length plano-
convex lens (Thorlabs part number LA1509-C) with antireflection coating for

the near-IR. The spectrometer has a numerical aperture (NA) of 0.125, which
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is also the NA of the focusing lens. The spectrometer performs best when the
NA of the lens is matched to that of the spectrometer.

As the light enters the spectrometer, it is bounced off of a convex
mirror, which focuses the light onto a diffraction grating. The light reflected
off of the grating is sent to another convex mirror that focuses the light onto
the exit slit and into the detector housing. The detector housing contains a
focusing mirror and a photodiode detector. The wavelength selection is
performed by rotating the diffraction grating to allow the specified
wavelength. The detector has a built-in transimpedance amplifier, which puts
out a voltage that is proportional to the light intensity incident on the
photodiode. Since the light is modulated by the optical chopper, the voltage
on produced by the detector will oscillate at the same frequency. This signal
is sent to the lock-in input via a BNC cable, and a reference signal is
connected from the chopper controller to the reference input on the lock-in.
The lock-in uses Fourier analysis and outputs a voltage that is proportional
to the intensity of the light incident on the detector. By sweeping through a
range of wavelengths and recording the voltage produced by the lock-in at
each step, a luminescence spectrum is produced.

There are two exit slits on the spectrometer. Currently, only one is used.
This is because we were originally going to connect the InGaAs multichannel
detector (Princeton model OMA V) that is on the low temperature setup in

PS-A2C. In fact, the exit slit has a custom flange specifically for that detector.
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However, we did not ever connect this detector, as we were getting good
results using the single-channel detectors.

There are two single-channel photodiode detectors. Both are cooled to
reduce noise. One has a Ge photodiode, while the other has an extended
InGaAs photodiode. The Ge detector (Electro-Optical systems part number G-
050-TE2-H) is powered and TEC-cooled by an external power supply
(Electro-Optical Systems part number PS/TC-1). It can detect wavelengths in

the range 0.8-1.8 um. It should be held at -30 °C during use. The InGaAs

detector (Electro-optical systems part number IGA2.2 010-LN7) is powered
by an external power supply (Electro-Optical Systems part number PS-1) and

cooled via LNz. It can detect wavelengths in the range 1.3-2.3 um. The dewar

should be filled with the power to the detector off. It must be filled slowly
over the course of several minutes, or it will overflow. Having the detector
cooled is essential for obtaining a good signal-to-noise ratio. The InGaAs
detector is the most sensitive of the two.

The entrance and exit slits of the spectrometer determine how much
light gets through it and the bandwidth of the admitted light. The wider the
slits, the more light gets through the spectrometer and the larger the
bandwidth. Thus, if you want fine wavelength resolution, you should keep
the slits as narrow as possible. If you want light throughput, open them all
the way. Often, the signal from the laser is used as a reference peak for PL
spectra. The Ge detector can capture the fundamental wavelength, while the

InGaAs detector captures the first harmonic. When sending the laser through
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the spectrometer, care must be taken not to saturate the detector. If the 1064
nm long pass filter is in place, the slits can be all the way open. Without the
filter, the slits must be narrow. It is always good practice to keep the slits
closed and only open them as much as necessary.

The luminescence spectra are obtained using Fluoressence. Most of the
guidelines for using lock-in amplifiers for this type of measurement are
described in Appendix B. For this system, the frequency of the chopper is not
really limited by the speed of the circuit, so I typically used 190 Hz. The time
constants used on the lock-in are typically 1-10 s. Fluoressence also has an
input for the integration time. This is the time the software waits before
reading the voltage from the lock-in after setting the wavelength on the
spectrometer. This should always be at least 5 times the time constant used
on the lock-in. The software also has an option for auto gain, which means
that it sets the sensitivity on the lock-in automatically. This does not work
very well. It is best to set the gain for the maximum signal in the spectrum. It
helps if you know where the peak is going to be. If not, it can take some
manual scanning to see where the peak is. You can also use the peak from the
laser as a reference, but the intensity of the PL may be very weak
comparatively.

The key to getting good data from samples that have very weak
luminescence is to have the optics aligned perfectly for maximum signal.
Accordingly, [ have developed some alignment procedures, which can be

followed for optimal alignment of the optics. The following procedure

181



outlines how to align the laser, optics, and sample to the spectrometer. It
assumes the optical breadboard and spectrometer are already aligned to the
optical table. The alignment is extremely sensitive, and it requires a very light
touch. It is also easy to knock it out of alignment by bumping any of the
components. Alignment of the entire system should be done using a sample
that is known to luminesce and a specific wavelength (e.g. bulk Ge). Before
starting the procedure, make sure the slits on the spectrometer are closed
and the laser is on. There is an IR target (threaded for use with Thorlabs SM1
components), and there are a few IR cards. They all have a phosphorescent
material on them so that they luminesce in the visible when they are hit with
an IR beam. This allows you to view the beam for alignment. One IR card is
cut in half, which is especially useful for getting in small places, like the
spectrometer entrance. The procedure below is for alignment of the entire
optical system. If the system is already aligned and you have mounted a new

sample, start at step 13.

System alignment procedure

1. Turn on the laser and turn up the power to 50-100 mW.

2. Set the spectrometer to the wavelength of the laser or the first harmonic.

3. Attach a rail to the breadboard in front of the laser along the axis of the
beam. Mount a post on the rail so that it can slide along the beam path.
Mount the IR target on top of the post and use it view the beam. The laser

is on a mount that can adjust the height, pitch, and yaw. Adjust the pitch
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and yaw so that the laser is aligned to the axis created by the breadboard
and rail. This can be done by checking the vertical and horizontal position
of the beam on the IR target at two different positions along the rail.
When it is aligned, the beam position on the target will not change no
matter where it is located along the rail. Once it is aligned, this rail is no
longer needed.

. Mount the gold-coated mirror on the longer, permanent rail directly in
front of the laser. Use it to direct the beam down the axis of the rail, using
the adjustment knobs on the kinematic mirror mount. The beam should
be perfectly centered on the rail, and it should be aligned vertically and
horizontally. Again, use the IR target mounted on a pole that can slide
along the rail.

. Mount the glass slide with the wafer on the sample stage. Mount a rail to
the x-y stage that is on the breadboard below the spectrometer entrance
slit so that it is aligned along the beam path. Reflect the laser off the
surface of the wafer toward the spectrometer entrance slit. The beam
does not need to be hitting the spectrometer entrance perfectly at this
point. Use the adjustment knobs on the sample stage to align the beam to
the axis of the rail and breadboard. Again, use the IR target mounted on a
post that can slide along the rail to aid in alignment. The beam should be
stay at the same position on the IR target as it moves along the rail.

. The post that holds the sample stage is also mounted to the rail. Slide the

post along the rail until the beam is centered horizontally about the
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spectrometer slit. If you keep the exit slit all the way closed, it is okay to
open the entrance slit. No light should get to the detector. Opening the
entrance slit a bit can act as a visual aid in alignment. Get it as centered as
possible, and then lock it in place by tightening the thumbscrew at the
base of the mount.

. Open the entrance slit all the way. There is a metal strip just past the
entrance slit that has some apertures, which can aid in alignment. Use the
aperture that is a wide rectangle. This allows you to see the vertical
alignment of the beam with respect to the spectrometer. Since the beam
is contained to a horizontal plane, the vertical height of the beam can be
adjusted by rotating the sleeve on the bottom of the laser mount. Adjust
the vertical height of the beam until it is centered on the aperture. Once
this is done, beam path is set, and we are ready to put in the optics.

. Mount the laser focusing lens on the rail in the beam path with the flat
side of the lens facing the sample. Adjust the height of the lens so that the
laser is hitting the center of the lens. By putting the IR card on the other
side of the lens, you should be able to see the beam focusing. Position the
lens so that the focused spot is incident on the sample surface. Now, the
beam will still reflect off the wafer, but it will not be collimated. Instead, it
will diverge as if it were a point source. Still, you should be able to see the
beam at the entrance slit of the spectrometer clearly with the IR card. The
spot will be larger, but it still gives you an idea of the alignment. If the

vertical position of the beam relative to the entrance slit is off, you need
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to adjust the height of the lens until it is centered. If the horizontal
alignment is off, you need to rotate the lens slightly. Fine adjustments can
also be made using the knobs on the kinematic mount for the lens.

9. Mount the collection lens on a post on the x-y stage in front of sample
with the flat side toward the sample. This lens takes the diverging light
and creates a collimated beam. When positioned correctly, the laser beam
will be centered on the entrance slit of the spectrometer. This lens is
identical to the laser focusing lens, so it should be the same distance from
the focused spot on the wafer. Adjust the x-y stage to get the centered on
the lens. Adjust the height of the lens until the beam is centered on the
rectangular aperture behind the entrance slit. Adjust the position along
the beam path until you have a collimated beam. The beam spot on the IR
target should stay constant in size as you slide the target along the rail.
Continue adjusting all parameters until you have a beam that is aligned
along the axis of the rail, perfectly collimated, and centered on the
entrance slit.

10. Now the focusing lens is inserted. This takes the collimated beam and
focuses it to a spot on the spectrometer entrance slit. Remove the rail on
the x-y stage and mount the focusing lens on a post on the stage with the
flat side of the lens toward the spectrometer. The focusing lens has a 4”
focal length, but the working distance is more like 3.5”, and that is the
distance it should be away from the entrance slit. Adjust the height of the

lens until the beam goes through the center of the lens and the focused
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11.

12.

13.

spot is centered vertically on the spectrometer entrance. Adjust the tilt
and position of the lens until a perfectly focused spot is centered on the
entrance slit as closely as possible.

Close the entrance slit. Open the exit slit a tiny bit. Slowly open the
entrance slit until you see signal on the lock-in. The laser is very
powerful, so the slit just barely needs to be open. Use the reading on the
lock-in as a guide to finely adjust the position of the focusing lens. The
goal is to maximize the signal. Once this is done, the optics are aligned.
Carefully rotate the sample stage (counter-clockwise looking down) until
the reflected beam no longer hits the collection lens.

Increase the laser power to 400 mW.

14. Loosen the thumbscrew at the base of the mount for the sample stage so

15.

that it can slide along the rail. You will probably need to open up the slits
a little more to see a good amount of signal. Slide the mount along the rail
until the signal is maximized. This has to be done with a very light touch.
Do not even lean on the table. Tighten the thumbscrew at the base of the
mount to lock it in place. This actually moves it slightly, so it can be
difficult to get it locked in place with maximum signal.

Adjust the position of the laser focusing lens along the rail to get

maximum signal.

16. Adjust the thumbscrews on the back of the sample stage to get maximum

signal. This must be done with a very light touch.
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17. Adjust the position of the collection lens in the direction perpendicular to
the beam path to get maximum signal.

18. Adjust the position of the focusing lens in the direction perpendicular to
the beam path to get maximum signal.

19. Adjust the position of the collection lens in the direction parallel to the
beam path to get maximum signal.

20. Adjust the position of the focusing lens in the direction parallel to the
beam path to get maximum signal.

21.Put the 1064 nm long pass filter in place. Set the spectrometer to the
wavelength that the sample is known to luminesce at. You should be able

to see the luminescence strongly. If not, go through the procedure again.

Calibration of the spectrometer can be performed by measuring the
spectrum of a gas discharge lamp, such as the Ne lamp in the lab. It helps if
the system is already aligned. Start with the entrance and exit slits closed.
Remove the sample stage and collection lens, and position the lamp so that
the arc source is aligned along the beam path for the spectrometer entrance.
Mount an iris on a pole and position it in the beam path on the optical table to
create a narrow (~2-3 mm) beam that hits the center of the focusing lens.
Adjust the focus until the beam is focused on the entrance slit. Insert a long
pass filter in the beam path. Once this is done, the spectrum can be obtained
and compared with the known wavelengths of the atomic transitions. Take a

spectrum with very narrow spacing (0.1-0.2 nm). Reference data can be
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obtained on the NIST website. Once you know how much the spectometer is
off, you can follow the calibration procedure in the Fluoressence manual.

When taking spectra that include the laser wavelength or its first
harmonic, it is important to use a long pass filter to block the laser light.
There are several long pass filters in the lab, but the 1064 nm long pass has
the highest optical density at the laser wavelength. Even using that filter, the
peak from the laser is still visible. The data can be corrected by fitting the
curves with Gaussian peaks and subtracting the laser peak from the
measured data.

I measured the transmittance of the filters by recording the spectrum of
a halogen lamp with and without the filters in place. The transmittance is the
ratio of the intensity with the filter to the intensity without the filter. The
transmittance curves are presented in FIG. C3. In each case, there is a step at
twice the cutoff wavelength. In the case of the 1064 nm filter, this occurs
around 2150 nm. This leads to a discontinuity in the measured PL spectrum

if there is emission around that wavelength.
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FIG. C3. Measured transmittance curves for various long pass filters.

This optical system can also be used for electroluminescence
measurements in the same wavelength range. A schematic of the system is
presented in FIG. A2. It is a modified version of the PL system. In this case,
there is no optical excitation, so the laser is not used. Instead, a power supply

(Keithley model 2602A) is used to run current through the diode under

forward bias.
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FIG. C2. Schematic of electroluminescence measurement system.

To modify the apparatus for EL measurements, you must remove the PL
sample stage, the collection lens, and the laser focusing lens. The sample
stages is an x-y stage with a steel plate. The wafer is placed on the plate with
the two micro-probes with magnetic bases. Electrical connections are made
from the probes to channel 1 on the power supply, and the probes are
connected to the device pads on the wafer. The light produced from the
device is directed vertically, rather than horizontally, so the light must is
collected with a vertically mounted lens. There is an L-shaped 30 mm cage
assembly with 1” diameter, 1” focal length plano-convex lens (Thorlabs part

number LA1951-C) with antireflection coating for the near-IR lens on one

190



end. The lens is on a micrometer driven assembly for precision focusing.
Mount the cage assembly to the optical breadboard so that the lens is directly
over the device. There is a gold mirror at the corner of the L for deflecting the
beam toward the spectrometer. The cage assembly must be placed such that
the beam reflected from the mirror with pass through the center of the
focusing lens and into the spectrometer entrance. Aligning the cage assembly
to the spectrometer can be done by replacing the collection lens with a red
LED. This gives you a visible beam to work with.

Once the cage assembly is aligned to the spectrometer, the electrical
connections can be made to the device. The signal from the detector is
measured using the lock-in, as in the PL experiments. Thus, our source must
be modulated. In the case of PL, this was accomplished by using the optical
chopper. Here, we must somehow “chop” the current. This is done by pulsing
the current from the power supply. Keithley has its own TestScript language
from programming the power supply. [ have written a program in their
TestScriptBuilder software for this. A TTL reference signal (square wave) is
generated by the lock-in and sent to of the digital inputs on the power supply.
When the power supply detects an edge, it produces a pulse. The pulse width
is set by the user to be exactly one half the period. This produces a
modulated current source for driving the diode. Once the program is run, the
pulse train continues until a switch is flipped, which breaks the loop. This

switch is connected to another digital input on the power supply.
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Measurement of the spectrum is performed using Fluoressence, as in
the PL experiments. In fact, there is no difference here in the way data is
collected. The same rules and caveats for using the lock-in still apply. The
wafer and electrical probes are on an x-y stage so that individual devices can
be focused on. Unfortunately, the only light to use as a reference for focusing
is the EL signal. If the peak wavelength is known, then you can set the
spectrometer to that wavelength and move the x-y stage until the signal is
maximized. If the peak wavelength is not known, you can roughly position
the device in the following way. There is a small, blue, fiber-coupled halogen
lamp. There is a 30 mm cage plate with a fiber collimation lens that has an
SMA connector. Connect a fiber between the lamp and the cage plate, and
then attach the cage plate to the end of the cage assembly. This will direct the
light down the axis of the cage and focus on the wafer. Move the x-y stage
until the device is in the spot. Now you can remove the light source and try to
take a spectrum. Once you see some signal, you can move to the peak

wavelength and focus from there.
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