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Abstract

The spin-flip lifetime T1 of donor-bound electron populations in Si-doped GaAs is a research topic of
interest with respect to the stability of spin-based qubits. Our aim is to perform experiments on T1,
which require a clear distinction between used excitation light and spin-flip light emission (SFLE). We
retrieve light from SFLE out of a cryogenic environment via a polarization-maintaining single-mode fiber
(reflection channel), and two multi-mode fibers (transmission channel). For successful T1-experiments,
retrieval via the reflection channel is a necessity. As collecting SFLE in a cryogenic fiber-based setup
is experimentally challenging, we performed optimization experiments on light retrieval, using photo-
luminescence of GaAs as a diagnostic tool. We observed features corresponding to retrieval of GaAs
photoluminescence at liquid N2 temperatures (77 K). We verified these results by varying the sample po-
sition relative to the reflection channel fiber, and by comparison with photoluminescence of the Sapphire
sample holder. Lastly, we discuss differences in reflection channel- and transmission channel photolumin-
escence, which we hypothesize to originate from the presence of a charge depletion layer near the sample
surface.
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Introduction

As problems grow larger and more complex in nature and thus require more computing power, a call
is made for finding new means of information processing. Silicon-based computing will inevitably hit
upon fundamental limits, ending Moore’s empirical law [15]. In quantum information science (QIS),
quantum mechanical objects are used for the purpose of simulation, cryptography or computing. Recent
advances in the field consist of the teleportation of single quantum states through a phenomenon called
entanglement [12].

For quantum computing purposes, one can make the distinction between the classical bit and the
qubit. Classical bits are in either a |0〉- or |1〉 state. In a qubit, a superposition of the |0〉- and |1〉 states
is saved in a quantum state: |Ψ〉 = α |0〉 + β |1〉. Physical properties can be manipulated and used as
respective |0〉 and |1〉 states, of which H- and V-polarization of photons are examples.

In research on qubits, a distinction is made between investigating atomic systems and solid-state
systems. Also, one can choose to either study a single qubit, or an ensemble of qubits. The research that
this thesis reports on, is performed on optical control of spin-based qubits in Si-doped GaAs (GaAs:Si),
which falls in the category of solid-state ensembles. The value of investigating solid-state ensembles comes
from the various manufacturing techniques that are in use. Using pre-existing deposition techniques
allows for the fastest implementation of devices for QIS. Ensembles are chosen in order to increase the
interaction between light and qubits in GaAs:Si.

Addressing qubits in GaAs:Si happens through the interaction between photons and spin states.
One can split the ground state of a donor-bound electron |D0〉 through the Zeeman effect. These states,
labeled |↑〉 and |↓〉, together comprise the qubit of interest and are optically coupled to a common excited
state |D0X〉. The |D0X〉 state consists of an exciton and electron, together bound to the Si-donor. An
important research topic consists of investigating the population relaxation time of the |↑〉- and |↓〉-states.
This parameter, also called the spin-flip lifetime, is denoted T1 [5, 7]. The spin-flip lifetime is seen as
the upper limit for the stability of the considered qubits. In practice, this stability is further limited by
decoherence of spin states, which is expressed as T2. The relation between the spin-flip relaxation time
and the decoherence time is given through T2 ≤ 2T1.

T1 can be measured through observing spin-flip light emission (SFLE). The system is first prepared
in the |↓〉 state. This is done by optically pumping the transition between the |↑〉- and |D0X〉 state,
such that the whole |D0〉 electron population is transferred to the |↓〉 state. The system is then left
unattended for a specific waiting time, during which a certain electron population flips from the |↓〉 to
the |↑〉 state. After the waiting period, a short pulse is applied to the |↑〉-|D0X〉-transition. Electrons
that flipped to the |↑〉 state are pumped back to the |↓〉 state via the |D0X〉 state. Upon decaying from
the |D0X〉 state to the |↓〉-state, photons are emitted, which will be denoted as spin flip light emission
(SFLE). Photons from SFLE are scattered inelastically without any directional preference. Measuring
SFLE is a technical challenge in two ways. Noting that the |↑〉- and |↓〉 states are spectrally close to
each other, a first technical challenge consists of distinguishing excitation light from SFLE. The second
challenge originates from the used setup. The GaAs:Si-sample is located in a cryogenic environment
(dipstick). Within the dipstick, optical fibers are used for optically addressing the sample. Noting
the technical difficulty of retrieving SFLE from a fiber-based cryogenic setup, optimization experiments
on light extraction- and detection from this type of setup are in place. Performing photoluminescence
experiments on GaAs is a valuable tool for optimizing light extraction and detection.

This thesis reports on the optimization of photoluminescence retrieval from GaAs:Si in a fiber-based
cryogenic environment. This optimization is done with the aim of ultimately detecting SFLE, aided
by improved light extraction through optimization. Chapter 1 introduces the properties of the D0X-
system, and outlines the working of T1-experiments. Also, photoluminescence is discussed as a tool for
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optimization experiments in light retrieval and predictions for photoluminescence features in spectra at
T=4.2 K and T=77 K are provided, based on literature. Chapter 2 contains a schematic description of
the fiber-based cryogenic setup, and discusses the roles and uses of different fiber channels for detection
of photoluminescence and SFLE. Using spectra taken at T=4.2 K as a starting point, the performed
optimization experiments will be treated in chapter 3, together with post-optimization properties of the
setup. Finally, chapter 4 reports on the results of photoluminescence experiments from different fiber
channels, and discusses observed features and differences between these channels.
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Chapter 1

Theory

This chapter will introduce various theoretical aspects behind experiments on T1 and photoluminescence.
These aspects also include a treatment of optical transitions in GaAs:Si.

1.1 Optical properties of GaAs:Si

An important aspect in studying spin ensembles in GaAs is the concentration of donors. Si-dopants
normally act as electron donors. However, at low doping concentrations and low temperatures, the
donor electrons become localized and are therefore donor-bound. As a consequence of the low doping
concentration, no overlap between the wavefunctions of the various donor-bound electrons occurs [4, 13].
The ground state of the donor-bound electron is labeled |D0〉.

Regarding the donor-bound electrons, there are three optical transitions of particular interest. It is
important to note that all these transitions undergo fine structure splitting due to spin-orbit coupling.
For illustration purposes, the unperturbed energy levels are assumed. The largest of the three optical
transitions, from a spectral point of view, is the creation of a free electron-hole pair, occurring at the
GaAs bandgap energy Eg and higher photon energies. A transition which is slightly lower in energy is the
formation of a free exciton. This state is denoted |X〉 and consists of a coulombically bound electron-hole
pair. The required energy for this transition is lower due to the binding energy of the exciton [13]. The
final transition of interest is the creation of a donor-bound exciton. This state is denoted |D0X〉. A
depiction of the |D0〉- and |D0X〉 states is given in figure 1.1.

It is worth noting, that it is also possible for excitons in the GaAs:Si-system to be bound to donors
different from neutral Si-atoms [13]. These transitions are not of specific interest for spin-flip experiments,
but are features which can be observed in photoluminescence spectra. Examples consist of excitons
binding to ionized donors such as |D+X〉, or excitons binding to acceptors such as |A0X〉. These
examples are also discussed in section1.3

1.2 Λ-systems for spin manipulation

Optically manipulating localized electron spins is done using a three-level system, or so-called Λ-system.
Optical fields with Rabi frequencies of Ω1 and Ω2 can be coupled to optical transitions between two
states |g〉 and |s〉, and a common excited state |e〉[5, 6]. Translated back to the previously introduced
electronic system in GaAs:Si, this means that one can regard Zeeman-splitted energy levels of the |D0〉
state, labeled |↑〉 and |↓〉, for the respective |g〉 and |s〉 states. The donor-bound exciton state |D0X〉
then acts as the common excited state |e〉. The two optical transitions between the split ground state
and the |D0X〉 state are displayed in figure 1.1.

The stability over time of a spin-based qubit in GaAs:Si is limited by the timescale on which donor-
bound electrons from either spin state relax to the other respective spin state. The timescale for this
spin-flip process is denoted as the spin-flip lifetime, and is denoted T1.

Measuring the spin-flip lifetime T1 can be done after preparing the donor-bound electrons in the |↓〉
state. This is done by optically pumping the transition between the |↑〉- and the |D0X〉 states, until the
whole donor-bound electron population is located in the |↓〉 state. Next, the system is left in the dark
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Figure 1.1: Energy diagram for the used Λ-system, including a schematic of the Zeeman-split ground state |D0〉. The

split ground state consists of a |↑〉-state and a |↓〉-state, due to an applied magnetic field ~Bext ↑. Both states are optically
coupled to the |D0X〉-state [6]. A depiction of both a donor-bound electron and a donor-bound exciton are displayed next
to the |D0〉- and |D0X〉-states, respectively. ∆ω is 35 GHz for the transition between the |↑〉- and |↓〉-states, and 367 THz
for the |D0X〉- and |↓〉-states, respectively [6, 13].

for a specific waiting time twait. During this waiting time, a certain amount of spin-flips occur due to
processes such thermal relaxation, resulting in the formation of a population in the previously empty |↑〉
state. One can gain information on the timescale on which the spin flip process has occurred by probing
the same |↑〉-|D0X〉 transition again, using a short laser pulse. As depicted in figure 1.1, one can then
collect photons originating from spin-flip light emission (SFLE), which are emitted from the |D0X〉-|↓〉
transition. The intensity of the SFLE is correlated to the population that was spin-flipped from the |↓〉
state to the |↑〉 state [4, 6].

Succesful measurements of T1 via this method require distinguishing between the excitation or probe
light and photons from SFLE. This requirement provides a challenge from an experimental point of view.
The energies of both ground state transitions are spectrally very close, with their wavelengths differing
only in the order of Angströms [6, 9].

1.3 Photoluminescence in GaAs

As was introduced in the previous section, the spectral difference between the |↑〉- and |↓〉-states is small
(∆ω = 35 GHz). Distinguishing between excitation light and SFLE is therefore challenging. Photo-
luminescence of n-doped GaAs can be used for the optimization of light retrieval from the cryogenic
GaAs:Si-environment. When using photoluminescence, the electronic systems in the material are excited
using above band gap (~ω ≥ Eg) photon energies. The excited system will emit photons upon recombin-
ation of charge carriers. Examples of the features that can be observed at liquid helium temperatures
(4.2 K) are peaks at the energies of the |D0X〉-state or the free exciton creation energy EX . Also,
one can observe the earlier mentioned other bound exciton systems, such as |D+X〉 or |A0X〉 [4, 13].
An example of a photoluminescence spectrum displaying these features is given in figure 1.2a. Also,
examples of observable photoluminescence features from GaAs at liquid nitrogen temperature (T=77 K)
are given in figure 1.2b. As the photon wavelength of the excitation laser is spectrally far removed
from the spectral features of GaAs, one can use optical filtering to remove the excitation signal from
the photoluminescence spectrum. The captured photoluminescence spectra serve as a diagnostic tool for
investigating light retrieval from the GaAs:Si-sample, as will be further illustrated in chapter 2.
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(a) Photoluminescence spectrum of n-doped GaAs,
taken using excitation light of 815 nm, at T=5 K and
~Bext=0 T. Photoluminescence is plotted on a log-scale
[1]. The energies corresponding to the |A0X〉, |D+X〉
and both |D0X〉-peaks can be converted to wavelengths
of approximately 819.7 nm, 819.4 nm, and 818.9 (or
818.7) nm, respectively.

(b) Photoluminescence spectrum of GaAs at T=77 K

and ~Bext=0 T [3]. Features correspond to wavelengths
of 827.1 nm and 828.2 nm for heavy-hole versions of the
free exciton and free carrier, respectively. Corollary,
wavelengths of 824.4 nm and 825.5 nm correspond to
the light-hole versions of the free exciton and the free
carrier, respectively.

Figure 1.2: Examples of photoluminescence of n-doped GaAs, at T=4.2 K (a) and T=77 K (b) [1, 3].
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Chapter 2

Photoluminescence setup

This chapter component-wise outlines the setup for performing photoluminescence-measurements. Also,
the two methods for performing photoluminescence measurements on GaAs:Si will be discussed, together
with arguments for their use.

2.1 Set-up

2.1.1 Input optics: used laser types

The set-up contains three lasers: a 10 mW 815-825 nm tunable diode laser, a 2 W CW tunable infrared
Ti:Sapph laser, and a 785 nm diode laser. Each laser can be coupled individually to a network of single-
mode fibers, which via fiber splitters and power-regulating optics are attached to a cryostat. One fiber
channel is split off to a photo diode, which acts as a normalization channel.

2.1.2 Cryogenic environment

The GaAs:Si-sample is cooled using a copper dipstick, which is placed in the cryostat. Cooling below
70 K is necessary to prevent ionization of the donor-bound electrons, hence a liquid He-environment of
4.2 K is used for spin-flip experiments [13]. The dipstick contains micro positioners attached to a sample
holder. A sapphire plate carries the GaAs:Si-sample, and is placed on the sample holder. A control box
outside of the dipstick is used to control the movement of the piezoelectric micropositioners, and thus
the position of the sample. The light from either three lasers is led into the dipstick in the cryostat
through a single-mode fiber (SMF), after which a confocal microscope focuses the input light on the
sample (figure 2.1).

2.1.3 Confocal microscope

The confocal microscope is a crucial aspect in light-sample interaction and light retrieval. Proper func-
tioning of the microscope is a necessity for placing the sample in the focal volume of the laser beam, as
well as retrieving light via any channel [14]. Figure 2.1 illustrates the working principle of the confocal
microscope setup. Excitation light is entered through a polarization maintaining single-mode input fiber
and directed to the sample by a prism. By using a collimating and a focusing lens, the excitation light is
focused onto the sample. After interacting with the sample, excitation- and emitted light is retrieved in
two ways: via reflection or transmission. In the first case, light emitted from- or reflected off the sample
returns through the focusing and collimating lenses into the single-mode fiber. In the second case, a
focusing and collimating lens are used behind the sample for redirecting the light that is transmitted
or emitted by the sample. A wire grid polarizer placed in front of a prism splits the polarization of
the transmitted light into a V-polarized- and H-polarized transmission channel. Noting that the light
propagates orthogonally to ~Bext, the V-polarized transmission channel is defined parallel to ~Bext. As
it is technically very challenging in a cryogenic environment to couple transmission light into single-
mode fibers, two multi-mode fibers are used for retrieving more light via transmission. The polarization
splitting is used for making polarization selection in transmission signals possible. Multi-mode fibers in
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Figure 2.1: Schematic overview of the setup for photoluminescence measurements. Light of wavelengths between 790 and
825 nm enters the cryostat and microscope through a polarization-maintaining single-mode fiber (SMF). Light is focused
on- and retrieved from the sample using a collimating and focusing lens. Light emitted from the GaAs:Si sample can
either exit the cryostat through two multi-mode fibers (MMF, transmission), or through the SMF (reflection). A wire-grid
polarizer is used for splitting V-polarized light and H-polarized light into two MMFs, respectively.

practice do not maintain their respective polarizations as a function of time. This is due to sensitivity
of the fiber to small fiber distortions such as heat or displacement, which vary in time. Therefore, one
cannot retrieve polarization data when using only one multi-mode fiber.

2.1.4 Data collection

Light returning from the dipstick from either of the two channels is collected in two ways, both of which
constitute different experiments. Outcoming light can be sent into photo diodes, allowing for measuring
the intensity of the returning light. By monitoring this value while frequency scanning an excitation
laser, transmission spectra and properties of the sample can be measured. Examples of transmission
experiments using photo diodes are given in appendix C.2. Besides the use of photo diodes, outcoming
light from either the V-transmission channel, H-transmission channel or reflection channel can be collected
in a spectrometer. A more in-depth discussion of spectrometry is given below.

2.2 Photoluminescence measurements

Photoluminescence measurements can be performed using either the reflection channel, or either of the
transmission channels. The emitted light is focused through a free space-setup into a multi-mode fiber.
This fiber is coupled to a spectrometer. After passing a 1500 mm−1 NIF grating, the photolumines-
cence is recorded on a nitrogen-cooled CCD-camera. The quality of the photoluminescence spectra is
improved using two methods. First, an 820 nm band pass filter with a full width at half maximum
(FWHM) of approximately 8 nm is applied, before the light is collected in the spectrometer fiber (see
also: Appendix A.1). Combined with the used 790-800 nm excitation light and the grating position,
these procedures allow for the excitation signal to be removed from the spectra. Besides excitation sig-
nal filtering, the recorded spectra are corrected for background light. A characterization of the various
sources of background light in the lab environment was made, and is given in appendix A.1.

Previously, photoluminescence spectra were recorded successfully using the transmission channel.
Retrieval of SFLE from the transmission channel is however not sufficient with regards to spin-flip
experiments. As was mentioned in section 2.1.3, the transmission light needs to be collected using
multi-mode fibers. Using multi-mode fibers of a significant length (order of meters) comes at the price
of mode instability. In multi-mode fibers, a phenomenon called mode mixing occurs due to the fact
that multiple modes of the input light are transmitted. This superposition of optical modes is (like the
polarization) not stable over time due to sensitivity to fiber distortions. Therefore, multi-mode fibers
are unsuitable for eventually performing measurements on T1, as these are time-dependent in nature.
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Retrieving light via the reflection channel thus is a necessity. The smaller fiber core of the polarization
maintaining single-mode fiber only transmits one optical mode. This prevents potential instability due
to mode mixing from occuring.
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Chapter 3

Optimization experiments

Optimization of reflection channel photoluminescence is performed through a multitude of small ex-
periments. The used methods are outlined in this chapter. The starting point for the optimization
experiments consists of the reflection channel photoluminescence spectrum given in figure 3.1.

Figure 3.1: Reflection channel photoluminescence, taken at T=4.2 K and ~Bext=0 T with an excitation wavelength of
790 nm, laser power of approx. 50 µW, and an integration time of 5 minutes. Notable is the presence of two interference
patterns with perodicities of approximately 2 nm and 0.2 nm. When compared to figure 1.2a, one observes that typical
photoluminescence features of n-GaAs cannot be identified.

This original spectrum was taken by applying a 790 nm excitation laser. By using an 820 nm
band pass filter and adjusting the spectrometer grating position, the excitation light was removed from
the spectrum. When comparing the spectrum in figure 3.1 to figure 1.2a, one observes two striking
differences. The first difference consists of the presence of interference patterns in the recorded spectrum.
An interference pattern can be identified with a periodicity of approximately 0.2 nm, which is modulated
by an interference pattern that has a periodicity of approximately 2 nm. These patterns might originate
from cavity effects due to Fabry Pérot interference. These cavity effects occur within the band pass filter
or through the presence of a cavity at some other point in the setup. By comparing the transmission of
the used filter, as given in figure A.1, one can conclude that the 0.2 nm interference pattern is likely due
to cavity effects in the band pass filter. Further discussion on cavity effects and an estimation of cavity
sizes is given in appendices A and D.

The second difference between figure 1.2a and figure 3.1 consists of the absence of identifiable pho-
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toluminescence features. Features such as peaks due to emissions from |D0X〉 and comparable bound
exciton transitions cannot be identified in the corresponding wavelength range (818-821 nm) in the recor-
ded spectrum. In figure 1.2a, peak intensities differ up to an order of magnitude. In figure 3.1 however,
no possible photoluminescence features can be differentiated from the 0.2 nm wide interference signals.

The absence of identifiable photoluminescence and the presence of interference patterns in the spec-
trum of figure 3.1 suggest that photoluminescence retrieval via the reflection channel fiber is poor.
Therefore, optimization experiments were performed, which are discussed in the following sections.

3.1 Sub-threshold laser setup for finding focus

A necessity for observing both reflection- and transmission channel photoluminescence is that the sample
surface needs to be placed in the focal volume of the excitation laser. Previously, this requirement was met
through measuring the intensity of laser light and looking for a peak in either reflection- or transmission
signal. A description of this method, together with the procedure for placing the sample in the laser
beam, is given in appendix C.2.

A setup was built for improving the process of focusing the laser on the sample surface [13]. By
operating a 785 nm diode laser below its lasing threshold, two laser properties are lost. These are the
phase coherence, and the monochromaticity. Using incoherent light proves an advantage over laser light.
As this sub-threshold method does not use coherent light, no interference can occur. Therefore, an
observed signal peak, as measured by a photo diode, is an indication of the sample crossing the beam
focal volume. When using laser light, this signal peak could have also been caused by constructive
interference due to cavity effects. An example of the peak signal that is observed when the sample is
placed in the focal volume of the light beam is given in figure 3.2. A further indication of sample focus is
the reproducible nature of the peak signal. This means that if the sample is kept moving when the peak
signal is observed, the peak signal will eventually disappear. By then reversing the direction in which
the sample is moved, the signal returns. The peak in figure 3.2 shows various dips and steep differences
in reflection signal, whereas a smooth peak is expected [13]. These effects are likely due to an irregular
movement of the micropositioners.

Figure 3.2: Reflection channel intensity, as measured by a photo diode. The input signal was chopped with a frequency of
6 kHz, and the reflected light was collected by a photo diode. By connecting the photo diode to a lock-in corresponding to
the chopping frequency, the noise floor of the reflection signal was removed. The sample holder was moved parallel to the
laser beam. The observed peak feature is an indication of the sample surface being placed in the focal volume of the laser
beam.
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3.2 Polarization stability

By using a polarizing beam splitter, one can select the polarization of the laser light into either H-light
or V-light. By attaching a polarization meter to various parts of the set-up, one can measure the order
of linearity of the light that passes each respective component. As the used optical fibers up until the
dipstick are polarization-maintaining single-mode fibers, two checks were performed on the polarization
of the outcoming light.

First, the polarization meter gives an indication of the linearity, which is a means of expressing
how elliptical the polarization of the received light is. A benchmark value of the polarization linearity
is a minimum of ≈ 20 dB. Next, tests were performed on the stability of the polarized modes by
spatially adjusting the fiber. When slight bending and-/or displacement of the fiber induced significant
changes in the polarization angle (φ & 3◦), the orientation of the optical axis of the coupled fibers was
adjusted. Analogue to polarization checks, power losses at various optical components were investigated.
Adjustments or realignments were made to minimize any power losses in optical components up until
the dipstick input fiber. As a result, the power of the input light could be increased significantly, in the
order of tens of percents.

3.3 Microscope realignment and beam collimation

The third optimization method consists of improving the confocal microscope. The dipstick was removed
from the cryostat, and opened after it had returned to room temperature. All components of the
microscope were removed and checked for damages and blemishes (see also appendix B). Piecewise, the
microscope was re-assembled, with every component being checked for two properties. These properties
consist of alignment, and collimation. If possible, the polarization stability was also measured. Iteratively,
all components were realigned and collimation was verified. Proper collimation of a light bundle is
characterized by observing a Gaussian intensity distribution from the light spot, which retains its size
when measured at various distances. Measuring the intensity distributions was done with the use of a
mountable CCD-camera.

In an attempt to reduce the amount of excitation light that is coupled back into the single-mode
input fiber, the sample holder was also rotated slightly. The assumption is made that photoluminescence
light is emitted uniformly, which means that the light retrieval of photoluminescence and SFLE should
not be affected significantly by sample rotation. After the microscope realignment, the sample holder
was therefore incrementally rotated up to an angle of φ ≈ 5◦. After each rotation, the sample was placed
in the focal volume of the laser beam using the method described in section 3.1.

Figure 3.3: Transfer functions for both the H- and V-transmission channels at T=273 K and T=77 K, with ~Bext=0 T. A
cosine was fit to the data points. The transmission of the V-channel is significantly lower at liquid N2-temperatures (77 K).
Angles of input polarization for which maximum transmissions occur are indicated in the legend. These values should be
approximately the same.
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Following the alignment procedures, the transfer function of the microscope was measured for both
transmission channels (figure 3.3). This procedure consists of removing the sample from the beam path,
and measuring the transmission channel photo diode voltages as a function of input polarization angle.
Two observations can be made from the transfer functions for T=273 K and T=77 K. First, it was
observed that when the dipstick was closed and the microscope was cooled to liquid N2-temperatures,
the transmission of the V-channel significantly dropped. It is likely that the coupling of transmission light
in the V-channel fiber deteriorates due to thermal shrinkage of the microscope. The second observation
is that the H-channel still shows a transmission signal when V-polarized light is sent into the microscope,
and does not go to zero as expected. This is the result of a manufacturing aspect of the wire-grid
polarizer. In principle, the wire-grid polarizer only transmits V-polarized light, with H-polarized light
being reflected off thin gold wires. However, a crystal plate (either Quartz or Sapphire) is placed in front
of the gold strips for protection, and reflects a certain amount of V-polarized light as well. Therefore,
the H-channel fiber receives V-polarized light, but not vice-versa.

3.4 Comparison of photoluminescence spectra pre- and post-
optimization

A comparison of the original reflection channel spectrum taken at 4.2 K and a reflection channel spectrum
taken at 77 K after the optimization experiments were performed, is given in figure 3.4 below.

Figure 3.4: Comparison between reflection channel photoluminescence spectra, taken before (blue) and after (green) op-
timization experiments were performed. The pre-optimization spectrum was integrated for 5 minutes at T=4.2 K, using a
50 µW excitation signal of 790 nm. The post-optimization spectrum was integrated for 10 minutes at T=77 K, using a 30
µW excitation laser of 800 nm. Both spectra were taken at a field ~Bext=0 T. Notable are the loss of interference patterns,
and the presence of a peak feature at 822.1 nm (1.508 eV) in the 77 K spectrum.

As the input powers and integration times for both spectra differ, one cannot base any specific
conclusions on the differences in spectrometer counts. However, various visible features are present for
comparing the spectra. Visible differences are the lack of interference patterns and the presence of a peak
feature at 822.1 nm in figure 3.4. More results that confirm the observation of GaAs photoluminescence
in reflection channel spectra are discussed in chapter 4.
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Chapter 4

Photoluminescence results

After all optimization experiments had been performed, the dipstick was closed and cooled to liquid
N2-temperatures (T=77 K). This chapter discusses the results of two sets of experiments. First, the
results confirming reflection channel photoluminescence of GaAs are given. Next, transmission channel
spectra are discussed, including a comparison between reflection- and transmission channel results.

4.1 Reflection channel photoluminescence at 77 K

As was shown in figure 3.4, a possible photoluminescence feature was observed in the reflection channel
spectrum. A peak feature is observed at a wavelength of 822.1 nm, corresponding to an energy of 1.508 eV.
This value coincides with Eg for GaAs at T=77 K [2]. Possible features observed around wavelengths
corresponding to Eg that might contribute to the reflection channel photoluminescence spectrum are
displayed in figure 1.2b. The validity of the found photoluminescence feature was tested through various
experiments, of which the results will be discussed in the following sections.

4.1.1 Photoluminescence of Sapphire sample mount

A method for validating the found spectra in figures 3.4, 4.2 and 4.3 consists of taking photoluminescence
spectra of the sample holder. One knows that the Sapphire plate does not show the same photolumines-
cence features as the GaAs:Si sample. A comparison between photoluminescence of GaAs:Si (blue) and
the smoothed1 spectrum of the sapphire mount (red) is given in figure 4.1.

Figure 4.1: Comparison of reflection channel photoluminescence of GaAs:Si (blue) and the sapphire sample holder (red).

Both spectra were integrated for 10 minutes at T=77 K and ~Bext=0 T, using a 30 µW excitation laser of 800 nm. Data
from the sapphire holder was smoothed. An elevation of spectrometer counts is present in both spectra between 816 nm
and 826 nm
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An elevation of spectrometer counts is observed for the Sapphire spectrum, in the same wavelength
range as for GaAs:Si photoluminescence. It is possible that this elevation of spectrometer counts ori-
ginated from the tail of the excitation signal. The excitation signal of 800 nm is Gaussian in nature.
Whereas the 800 nm peak does not hit the CCD, wavelengths corresponding to the tail of the intensity
distribution will. The transmission range (see figure A.1) of the used band pass filter coincides with the
region containing elevated counts present in the GaAs:Si and Sapphire spectra. It is however unlikely
that the tail feature of the excitation signal results in the presence of the observed peak at 822.1 nm
within the filter transmission range. Therefore, it is possible that the peak observed in the GaAs:Si
spectrum indeed originates from photoluminescence of GaAs.

4.1.2 Influence of focal volume location on photoluminescence spectrum

Besides a comparison with the sapphire sample holder, one can also perform tests based on the location
of the focal volume relative to the sample. The spectrum counts are expected to be lower when the focal
volume is placed slightly in front- or slightly behind the sample surface, as the photoluminescence is not
focused optimally into the single mode fiber anymore. A depiction of the spectra for these two situations
is given in figure 4.2, together with the previously discussed reflection channel spectrum. It is observed

Figure 4.2: Comparison of reflection channel photoluminescence for three sample positions: focal volume in front of the
sample (blue), focal volume approximately on the sample (green) and focal volume in the sample (red). The three positions
are spatially separated by several tens of micropositioner steps, no exact value can be attached to this spacing. All spectra
were integrated for 10 minutes at T=77 K and ~Bext=0 T, using a 30 µW excitation laser of 800 nm. Inset: schematic
depiction of a pre-focus, focus and past-focus positioning of the sample, respectively. Blue arrows indicate the propagation
direction of the beam.

that for both out-of-focus spectra, an elevation of spectrometer counts is present in the same wavelength
range as for the in-focus spectrum, albeit being significantly lower. This might indicate that the same
photoluminescence feature is present. The decreased amount of counts would then be a result of the
photoluminescence not being coupled into the reflection channel fiber optimally. This notion is backed
by the fact that the noise floor for all spectra is of comparable order.

Another experiment on the influences of focal volume location on photoluminescence retrieval can be
performed by moving the focal volume further in the sample. One in this case expects the spectrum to
still show the same features, however scaled down far more strongly than in the previous experiment. A
comparison of focal volumes placed slightly in- and fully in the sample are given in figure 4.3. In order
to test whether the fully-in-sample spectrum indeed contains the same 822.1 nm photoluminescence
feature, the spectrum was smoothed and multiplied by a factor of 10. As can be seen from the red
spectrum in figure 4.3, the features closely follow the slightly in-focus spectrum. A discrepancy exists
when comparing the heights of the peak feature around 822 nm of both spectra. As a volume located

1: For all smoothed spectra that are discussed in this chapter, the same smoothing procedure was used. The data set is
first checked for very narrow peaks, which occur due to high-energy cosmic particles hitting the spectrometer CCD. After
manual removal of these peaks, every data point is leveled according to its 11 nearest neighbouring data points. Leveling
occurs by the use of a moving average.
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Figure 4.3: Comparison of photoluminescence taken with a focal volume placed slightly in the sample (blue), and placed fully

inside the sample (green). Spectra were integrated for 10 minutes at T=77 K and ~Bext=0 T, using a 30 µW excitation laser
of 800 nm. The fully in-sample spectrum was smoothed. The red spectrum denotes a fully in-sample spectrum, multiplied
by a factor 10 to illustrate the presence of photoluminescence.

deeper into the sample was probed, it is possible that a different material composition was irradiated.
As a result, certain features, that together comprise the 822 nm peak feature, might be more or less
pronounced. Candidates for these features are given in figure 1.2b).

4.2 Transmission channel photoluminescence at 77 K

This section discusses observed phenomena in the photoluminescence spectra obtained via the transmis-
sion channel. Also, a comparison between reflection channel- and transmission channel photolumines-
cence is given.

4.2.1 Differences in H-channel and V-channel transmission spectra

Transmission channel photoluminescence spectra were recorded via both the H-channel and the V-
channel. A comparison between H-channel and V-channel photoluminescence is given in figure 4.4.

Figure 4.4: Comparison of V-channel photoluminescence (green) and H-channel photoluminescence (red) at T=77 K and
~Bext. Both spectra were integrated for 10 minutes using a 30 µW excitation laser of 800 nm. Peaks are visible in the
H-channel spectrum at 821.9 nm (1.5085 eV), 823.4 nm (1.5058 eV) and 824.4 nm (1.5039 eV). A smoothed 100×V-channel
spectrum is added (blue). The multiplied V-channel spectrum seems to follow the features of the H-channel spectrum.
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As seen in figure 4.4, the V-channel spectrum shows a very low signal after correcting for background
radiation. Smoothing and a scaling factor of 100 were necessary to level the peak of the V-channel
spectrum to the peak of the H-channel spectrum. This finding is consistent with the measured transfer
function of the confocal microscope, which is given in figure 3.3. It was observed that after cooling the
dipstick to T=77 K, the peak transmission for the V-channel as a function of input polarization was
effectively lowered by a factor of 10. This means that the coupling of V-polarized light emitted from the
photoluminescence spectrum to the transmission channel is greatly diminished. The polarization of the
excitation light is not expected to play a role in the photoluminescence spectra, as the excitation signal
is filtered out. Noting the low value of the V-channel transfer function, this effect might explain the low
photoluminescence retrieval via the V-channel.

4.2.2 Comparing transmission channel photoluminescence to reflection pho-
toluminescence

In previous experiments, successful photoluminescence measurements were obtained via the transmission
channel. Therefore, it is worthwhile to compare the obtained reflection channel spectra to transmission
channel spectra of the same irradiated sample spot. A comparison of both spectra is given in figure 4.5.
Noting that the same setup parameters were used for both experiments, two features are remarkable.

Figure 4.5: Reflection channel photoluminescence (green) compared to transmission channel photoluminescence (blue).
The input power and wavelength (30µW and 790 nm, respectively) of the excitation laser are the same for both spectra, as

well as the temperature T=77 K and the external magnetic field ~Bext. The excitation light was V-polarized. Both spectra
were integrated for 10 minutes. Peak features are observed at 822.1 nm (1.508 eV) for the reflection channel spectrum, and
at 821.9 nm (1.5085 eV), 823.4 nm (1.5058 eV) and 824.4 nm (1.5039 eV) for the transmission channel spectrum.

These consist of the difference in signal to noise-ratio, and the presence of a peak at 824.4 nm (1.5039 eV)
in the transmission channel spectrum. This feature is not visible in the reflection channel spectrum.

A possible explanation for the disappearance of the 824.4 nm peak in the reflection channel spectrum
consists of two aspects. These include the presence of surface states in the GaAs:Si sample and their
relation to the observed photoluminescence spectra, and the effect of focal volume positioning on reflection
channel photoluminescence retrieval.

The periodicity of the bonds in GaAs:Si is interrupted at the sample surface. Therefore, unsaturated
bonds originate from the Ga-surface atoms. These bonds give rise to intra-bandgap electronic states,
which are filled up to the Fermi level Ef by donor electrons. As the sample is n-doped, a negative
surface charge ns is formed, resulting in an electric field. Charge neutrality of the sample then requires
the formation a charge depletion region near the sample surface [8, 11]. The formation of a charge
depletion layer leads to electronic band bending. Electron-hole pairs that are created in this region will
be pulled apart from each other. This effect prevents radiative recombination between electrons and
holes from occurring in the depletion region.
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Knowing that radiative recombination between free charge carriers should not occur in the depletion
region, one can possibly differentiate between photoluminescence originating from the depletion layer
and photoluminescence from bulk GaAs. The spectral distance between the 824.4 and 821.9 nm peaks
in the transmission channel spectrum in figure 4.5 corresponds to an energy of 4.4 meV. This value only
slightly differs from the n=1 binding energy of the free exciton, which is 4.3 meV [13]. The 821.9 nm and
822.1 nm features of the respective reflection and transmission channel spectra approximately coincide
with Eg. As the energy of the 824.4 nm peak in the transmission channel spectrum lies lower than Eg,
with the energetic difference being the exciton binding energy, one can conclude that this peak likely
originates from free exciton recombination.

As no charge recombination occurs in the depletion layer, the exciton recombination occurs in a region
at the edge, or slightly outside of the depletion layer. This means that the source of the 824.4 nm peak
is located past the depletion layer. As was observed in figure 4.3, reflection channel photoluminescence
drops significantly when the focal volume is placed further in the sample. It is therefore possible that
photoluminescence from free exciton recombination does not couple into the reflection channel fiber, but
is still collected in the multi-mode transmission fibers.

By comparing the focal volume of the laser beam and the depletion layer thickness, it can be confirmed
that the reflection channel photoluminescence originates for a significant portion of the depletion layer,
with the 824.4 nm peak disappearing.

First, it is assumed that a surface charge density ρ is given through ρ = eNd, with Nd the donor
concentration and e the elementary charge [11]. Next, Poisson’s equation is solved for the spatial de-
pendence of the surface potential, which is defined to be 0 outside of the depletion layer. From the
spatial solution of Poisson’s equation, the depletion layer thickness can be derived [11]. Performing hese
steps gives:

d2V (z)

dz2
= −eND

εε0
→ V (z) = −eND

2εε0
(z − zdep)2 (4.1)

in which V (z) is the potential due to charge accumulation at the sample surface, z is the spatial coordinate
(defined inwards the sample), ε and ε0 are the permittivities of GaAs and vacuum respectively, and zdep
the depletion layer thickness.

Solving for zdep gives:

zdep =

√
2εε0V (0)

eND
. (4.2)

Noting that surface states are filled up to the Fermi level, V (0) ≈ Eg/2 = 0.75 eV holds. The used
GaAs:Si-sample is lowly doped (ND=1013 m−3), which results in an estimate of approximately 1 µm
for zdep. This value is in accordance with the focal volume of the laser beam (≈1 µm). Therefore, a
hypothesis on the differences in transmission channel and reflection channel spectra is the following: Due
to the presence of surface states, a depletion layer is present, in which no charge recombination occurs.
This layer provides a significant contribution to the reflection channel photoluminescence spectrum. As
the observed peak feature at 824.4 nm is likely due to free exciton recombination, this process occurs
outside of the depletion layer, at a location deeper in the sample. As reflection channel photoluminescence
significantly drops as the focal volume is placed deep into the sample (see figure 4.3), it is possible for
the 824.4 nm feature to disappear from the reflection channel spectrum, while still observed recorded in
the transmission channel spectrum.

This hypothesis does however not explain the small sub-peak at 823.4 nm, or provide an explanation
for why there are still features present in both spectra indicating free carrier recombination. Also,
the validity of equation 4.1 can be doubted for such small doping concentrations. The validity of the
hypothesis can be tested by repeating the experiments on focal volume positioning of section 4.1.2
using transmission channel photoluminescence. This allows for comparing photoluminescence features
of the depletion region to regions deeper in the sample. Also, one can use these experiments to confirm
whether placing the focal volume deeper in the sample still allows for detecting photoluminescence in
the transmission channel.
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Chapter 5

Conclusions

Optical measurements of the spin-flip lifetime T1 of donor-bound electrons in GaAs:Si require a clear
distinction between excitation light and SFLE. Using photoluminescence as a diagnostic tool, various
optimization experiments were performed on light retrieval from a fiber-based cryogenic dipstick. The
photoluminescence setup was improved by performing three sets of experiments. First, a sub-threshold
laser setup was used for placing the GaAs:Si-sample in the focal volume of the excitation laser. Using sub-
threshold laser light proves the benefit of not observing interference features when finding sample focus,
making the method more reliable as compared to the use of CW lasers. Second, all optical components
between the excitation laser and the confocal microscope were realigned and investigated for power losses
and losses of polarization linearity, where applicable. Lastly, the confocal microscope itself was improved
through realignment and collimation measurements.

Photoluminescence features were observed at wavelengths corresponding to the the band gap energy
Eg of GaAs:Si at T=77 K and ~Bext=0 T, using the reflection channel. It was verified that the observed
feature at 822.1 nm was coming from the GaAs:Si-sample by varying the location the laser focal volume
respective to the sample, and by performing photoluminescence measurements on the Sapphire sample
holder. Upon placing the laser focal volume deeper into the sample, a very weak photoluminescence
spectrum was observed due to reduced coupling of the photoluminescence to the reflection channel fiber.
The similarities between the GaAs and Sapphire photoluminescence spectra are likely due to tail light
from the excitation laser passing the transmission window of the used band pass filter.

A clear difference in spectrometer counts was observed between the V- and H- transmission channels,
when photoluminescence was performed at T=77 K. It was observed that the microscope transfer function
for V-channel transmission was a factor 10 lower after the setup was cooled down. This finding is likely
due to thermal expansion or shrinkage of the microscope and might explain the found differences in
transmission channel photoluminescence spectra.

Ultimately, a comparison was made between the recorded spectra via both the reflection channel and
the transmission channels. A clear difference was observed in the presence of a photoluminescence peak
at 824.4 nm. Noting that reflection photoluminescence spectra were observed to be very weak when
the laser focal volume is placed deep in the sample, a possible explanation for the disappearance of the
824.4 nm peak is that different charge carrier recombination processes take place deep in the sample. An
explanation for this phenomenon is the effect of surface states. Due to the presence of surface states a
charge depletion region is formed near the sample surface, which was estimated to be 1 µm. No radiative
recombination is allowed to occur in this region. As the 824.4 nm peak was found to likely be a feature
corresponding to the free exciton energy, it is therefore hypothesized that the origin of this peak lies in
photoluminescence from a region outside of the depletion layer. Therefore, it could be possible that the
824.4 nm peak is not visible in the reflection channel spectrum, but is still collected in the transmission
channel fibers.

The obtained photoluminescence spectra comprise evidence of increased light retrieval via the re-
flection channel, which is a big step in optimizing the retrieval of SFLE. Future validation of the GaAs
photoluminescence results might consist of recording photoluminescence spectra at liquid helium temper-
atures (T=4.2 K). These measurements are likely to be performed in the near future, together with the
use of optical long-pass filtering. As photoluminescence results improve, so does the chance of observing
SFLE, bringing us a step closer to performing experiments on the spin-flip lifetime T1.
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Appendix A

Background spectra and filtering

A.1 Transfer function of 820 nm bandpass filter

Figure A.1: Normalized transmission of the 820 nm bandpass filter, taken at room temperature by varying a diode laser in
the 815-825 nm wavelength range and measuring the photo diode voltage. Filter transmission is not perfectly symmetrical
around 820 nm, and an interference pattern (0.3 nm periodicity) is visible.

A.2 Influences lab environment on background spectra

All photoluminescence spectra were corrected for background radiation. This was done through recording
spectra without a laser input. The lab environment contains various sources of background radiation,
which might be visible in background- or photoluminescence spectra. Therefore, a comparison of the
cumulative effect of various sources of background light is made in figures A.2 and A.3. Procedures that
significantly reduced the amount of background radiation are the following:

• Turning all ceiling lights off (A).

• Covering the spectrometer entrance with cloths (B).

Procedures that proved no significant difference in background radiation were:

• Covering the optical filter setup (C).

• Switching PC screens located near the setup off (D).
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Figure A.2: Comparison of various background spectra, all taken using 1 minute integration time and at a magnetic field of
B=0 T. Spectra were taken by incrementally applying one filtering method after each other, in expected order of influence.

Figure A.3: Comparison of background spectra for an uncovered (blue) and a covered (green) spectrometer, at a magnetic
field of B=0 T. An integration time of 5 minutes was used, together with all filtering steps displayed in figure A.2
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Appendix B

Microscope damage

Figure B.1: Image of the input prism of the confocal microscope. Inset: damage marks on the surface of the prism

22



Appendix C

Transmission experiments

C.1 Placing sample in focal volume using transmission methods

By applying laser light for which the sample is absorptive, one can distinguish between the GaAs:Si-
sample and the sapphire holder. By moving the Sapphire plate that mounts the sample through the laser
beam, one can find the edges of the sample by noticing a significant difference in transmission channel
photo diode voltage.

After the laser is placed on the sample, the laser focal volume is found by observing a small peak in
transmission channel photo diode voltage. This process was aided by the use of a signal chopper and
lock-in, in a comparable way to the new focusing method described in chapter 2.

C.2 Transmission spectra as indicator of spot quality

By applying laser light over a wavelength range of 815 to 825 nm, one can observe absorptive features of
GaAs:Si. A transmission spectrum taken at 4.2 K is shown in figure C.1 and is indicative of proper sample
irradiation. Indicative features consist of a clearly identifiable band gap region, an absorptive region in

Figure C.1: Transmission spectrum of GaAs:Si, taken at T=4.2 K with a magnetic field of B=0 T. A diode laser was varied
in the 815-825 nm range.

which free exciton creation occurs, and sharp absorption lines at the |D0X〉 energy [9]. Transmission
spectra are also an indicator of strain at the irradiated spot. As the refractive index is dependent on
strain, a transmission spectrum is red- or blue shifted depending on the strain direction [4].
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Appendix D

Characterization of cavity effects

A likely source of the interference patterns observed in figure 3.1 is the presence of cavity effects. Sup-
posing that the cavity consists of two partially reflecting mirrors, it is possible for the partially reflected
light to interfere with the transmitted light. This phenomenon is also known as Fabry-Pérot interference
[10]. Interference patterns can be observed when the length of a cavity coincides with an integer multiple
of 1

2 times the laser wavelength λ.
The spectrum area was measured for short spectrometer integration times (75 ms), while varying the

wavelength of the Ti:Sapph laser. The periodicity of the spectrum area as a function of laser frequency
(λ = νc ) is displayed in figure D.1.

Using the principle of Fabry-Pérot interference to relate the spacing of the interference peak to the
size of the cavity is done through the following relation:

∆f =
c

2nL
(D.1)

with n the refractive index of the cavity’s medium and L the length of the cavity [10].

Figure D.1: Integrated spectra for observed minimum and maximum spectrometer counts versus Ti:Sapphire laser frequency.
The spectrometer was operated using a shutter time of 75 ms The spacing between peaks coincides with ∆f .

Using equation D.1 with the average value of ∆f for the found peaks, an estimate of a cavity length
of L ≈ 1.3 cm was found for a unity refractive index. The lower limit of the cavity size can be set to
L ≈ 0.4 cm, using the refractive index n = 3.5 of GaAs.

24


	Introduction
	Theory
	Optical properties of GaAs:Si
	-systems for spin manipulation
	Photoluminescence in GaAs

	Photoluminescence setup
	Set-up
	Photoluminescence measurements

	Optimization experiments
	Sub-threshold laser setup for finding focus
	Polarization stability
	Microscope realignment and beam collimation
	Comparison of photoluminescence spectra pre- and post-optimization

	Photoluminescence results
	Reflection channel photoluminescence at 77 K
	Transmission channel photoluminescence at 77 K

	Conclusions
	Bibliography
	Appendix
	Background spectra and filtering
	Transfer function of 820 nm bandpass filter
	Influences lab environment on background spectra

	Microscope damage
	Transmission experiments
	Placing sample in focal volume using transmission methods
	Transmission spectra as indicator of spot quality

	Characterization of cavity effects

