








Figure B.2: Photographs of complete TS Space Systems solar simulator and test chamber system (left),
folding mirror test chamber (middle) and 300 mm water cooled test chuck (right).

x 2 cm silicon test cell at 121 grid locations within the test plane. This data was analyzed using
Origin and uniformity values were extracted. This was performed for each lamp individually,
as well as both lamps combined.

Spectral variation across the test plane was determined using spectra taken with an ASD
Inc. Fieldspec spectroradiometer (measurable range 350 nm to 2500 nm) as reflected off a
piece of ;99% reflective spectralon. Measurements were taken at the center of the test plane,
and at the edges of the 300 mm diameter beam at four locations corresponding to maxima
and minima along the x and y position axes.

Finally, the system was re-calibrated using secondary standards composed of Emcore BTJ
isotypes (InGaP,, (In)GaAs, and Ge) using the methods outlined above. Comparisons between
the simulators at Emcore, Aerospace Corporation, NASA Glenn Research Center, and RIT
were made using ten Emcore BT] triple junction cells.

The simulated AMO spectrum compared to ASTM E490 AMO [102], along with their full
integrated intensities, can be seen in figure B.3. Here, the integrated intensity of the simulated
spectrum is larger than the reference AMO spectrum. Much of this is caused by an increased
intensity beyond 1200 nm, and will be discussed later. Integrated area comparisons of the
wavelength ranges of the individual lamps (HMI: 350 nm to 750 nm, QTH: 750 nm to 1800
nm) to the reference AMO show a 23.8% increase due to the QTH while the HMI has only a

6.6% increase. AM1.5G spectra can be seen in figure B.4. Similar analysis of the individual
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Figure B.3: Simulated AMO spectrum compared to reference standard.

lamps shows an overall decrease in power as compared to ASTM G173 AM1.5G [161] from
the HMI lamp of 5.7%, with an increase in the power from the QTH lamp of 18.7%.

Spectral variation was compared against the typical spectral ranges of triple junction com-
ponents by integrating the total area under the spectral curve between 350 nm - 670 nm for
InGaP5, 670 nm - 870 nm for GaAs, and 870 nm - 1880 nm for Ge. These wavelength ranges
correspond to bandgap energies and spectral responsivity overlap of those sub-cells; the lower
limit for InGaP, was chosen due to the lower measurement limit of the spectrometer. These
values were compared to the integrated area of ASTM E490 AMO spectrum about the same
boundaries. From this, both spatial wavelength range changes, as well as deviation from the
desired spectrum, can be seen in table B.1, where (0,0) is centered in the 300 mm diameter test
plane. The results show there is a change in the shape of the simulated spectrum across the
test plane, which is not simply a function of intensity. This could be caused by non-uniform
transmission/reflection of filter or mirror elements within the system, or variation in the mix-

ing of the beams due to beam divergence or partial internal shadowing. The outputs of the
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Figure B.4: Simulated AM1.5G spectrum compared to reference standard.

Integration Range (0,0) (0,150) (0,-150) (150,0) (-150,0)

350-670 nm 944  -5.00 0.00 3.52 3.70
670-870 nm 132 -1.24 -0.41 2.89 4.13
870-1880 nm 25.6 10.2 10.26 11.1 18.8

Table B.1: Spatial percent variation from AMO of integrated simulator spectrum across various wave-
length ranges by location in test plane (coordinates in mm).

two luminaries have different optical path lengths to the test plane, and are set at different
levels of focus, which would lead to the dissimilar divergences exhibited here.
The ASTM E927 standard [162] defines the class of a solar simulator, in part, by a “spectral

match” over various wavelength ranges in the spectrum. Generally, spectral match

22 By (N) dX

- S B (A) dX (5.1
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is the percent power contribution of a subset wavelength range to the whole of the simu-
lated spectrum in ratio with that of a standard spectrum. Here, \,,,, and \,,;,, are the bound-
aries of the total range (bin) in the spectrum of interest, A\; and )\, are the boundaries of the
limited wavelength range under investigation, Ej;,, is the simulated spectrum and E is the
standard spectrum.

Specifically, the ASTM E927 standard focuses on several different bins of varying size
between 300 nm to 1400 nm: 300 nm to 400 nm, 400 nm to 500 nm, 500 nm to 600 nm,
600 nm to 700 nm, 700 nm to 800 nm, and 800 nm to 900 nm, followed by 900 nm to 1100
nm, and finally 1100 nm to 1400 nm. In this work, the total range is modified as 350 nm to
1800 nm in bin sizes of 100 nm throughout (except a 50 nm bin from 350 nm to 400 nm) to
increase the precision and the range of the metric. Due to this, the results may no longer be
attributed to the ASTM E927 designation of class, and the metric merely serves to show the
strengths and weaknesses of the simulated spectrum. The ranges used here are indicated in
figures B.3 and B.4 by vertical gray lines. The spectral match is equal to unity for a perfectly
matched spectrum, while it is larger for a simulator producing more power over the specified
range and lower for less power. The ASTM E927 standard also gives ranges of spectral match
corresponding to simulator class, which are reproduced in figure B.5. Points falling within
the red lines are class “C,” within the orange lines class “B,” and within the green lines class
“A) though the reader is reminded that the spectral match defined here is more critical of
imperfect spectra, due to increased bin granularity, than that of the ASTM E927 standard.

The data in figure B.5 shows the majority of the deviation in power density is an increase
in the IR region past 1200 nm, with a significant decrease in power in the 600 nm to 700 nm
range. As the simulator was calibrated primarily to cater to a GaAs-limited cell, at least with
respect to the QTH, much of the increase in the low-energy portion of the spectrum is likely
caused by a deficiency in the 600 nm to 700 nm region which must be compensated by the
QTH above the dichroic cutoff at 750 nm.

While spectral match provides a metric to evaluate simulated spectra over an arbitrary
range, spectral mismatch allows for evaluation of a spectrum based on the spectral responsiv-

ity of an actual device. Specifically, these factors evaluate deviation in the simulated spectrum
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Figure B.5: Spectral match for RIT AM0 and AM1.5G over spectral ranges from 350 nm to 1800 nm.
The asterisk (*) denotes values for spectral match of AM1.5G at these intervals are larger than the scale
of this plot.
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from the reference spectrum based on the spectral responsivity of the device used for cali-
bration and the device under test [163]. This provides a figure of merit for confidence in cell
measurements when a closely matched calibration standard is not available, as is often the
case for non-standard cells such as those integrating quantum confined structures or novel

material systems. Spectral mismatch
S B () SR (A dA [ By () SR (X) d

27 Brep (A) SRESE(A)dA [ By (A) SReal (A) dA

)\mi

M=

(B.2)

was calculated for several material systems or photovoltaic designs, where A, and \,,;, are
defined as before, representing the upper and lower bounds of the wavelength range, F;,,
is the spectrum of the simulator, E,.; is the reference spectrum (AMO, etc.), SR is the
spectral responsivity of the device under test, and SR is the spectral responsivity of the
device used to calibrate the simulator. The external quantum efficiencies of the three IMRR
isotypes primarily used to calibrate the simulator to AMO, as well as to calculate spectral
mismatch, can be seen in figure B.6.

Once calculated, the spectral mismatch factor can be used to adjust the Isc measured under
simulated conditions to a more realistic Isc under a reference spectrum using equation B.3,
where I is Isc, the superscript denotes the device under test or the calibration device, and
the subscript denotes whether the Isc was measured under the reference or the simulated
spectrum.

JLest ]gg}

Test __ ~Sim
[Ref - M [Cal (B3)

Sim

Table B.2 shows several spectral mismatch factors calculated using both the InGaP and
GaAs IMRR calibration cells under simulated AM0 and AM1.5G spectra. The cells were
selected to represent a range of devices typically measured on the tool, and are described
presently. MQW: a GaAs single junction cell with 10 repeat units of a Ing 17Gag s3As/Gag.94Asg.06P
multiple quantum well (MQW); QD: a GaAs solar cell with 60 repeat units of InAs quantum
dots, strain compensated with GaP; GaP: a single junction GaP solar cell (E, = 2.78 eV); GaAs:

a single junction GaAs cell; InGaP: a single junction InGaP cell.
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Figure B.6: External quantum efficiency of InGaP, GaAs, and Ge isotypes used in calibration.

Cal Cell/Spectrum MQW QD  GaP GaAs InGaP

InGaP/AMO 1.12 1.15 0967 1.11 1.02
GaAs/AMO 0.938 0.962 0.810 0.932 0.857
InGaP/AM1.5G 1.05 1.07 0.848 1.04 1.01
GaAs/AM1.5G 0987 1.01 0.798 0.979 0.952

Table B.2: Spectral mismatch factor for various cells under as calibrated by InGaP or GaAs cal cells
under AMO and AM1.5G.
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In instances where a calibration device and device under test have a nearly identical
bandgap and spectral responsivity (such as the InGaP/InGaP pairing) the M value is nearly
unity, as is expected. In the case of the GaAs/GaAs pairing, the GaAs IMRR isotype has a nar-
rowed spectral response range as compared to the single junction GaAs cell due to its InGaP
window. In most cases, when calibration devices are chosen as close to the bandgap of the
material, the value of M is close enough to unity to modify Isc by less than 5%, assuming a
negligible difference in the Isc of the calibration cell under the simulated spectrum. Spectral
mismatch adjustments to Isc would, in the best case from Table B.2 (GaAs/QD under AM1.5G),
decrease a cells Isc by 0.99%, while the worst case (GaAs/GaP under AM1.5G) would decrease
Isc by 25%.

Results of spatial uniformity mapping can be seen in Figure B.7, which represents both
lamps in unison. Percent uniformity

Emax - Emzn
U— (—

100 B.4
Emax + Emm) 8 % ( )

was calculated using equation B.4, which is defined in the ASTM E927 standard. The unifor-
mity across the entire 300 mm beam was 5.89%, however the uniformity across the typical
cell measurement region (a 10 cm x 10 cm area at the center of the test plane) was 1.13%.

The system allows for defocussing of the luminaries, which increases illumination unifor-
mity but decreases overall intensity. A trade-off exists here between what is desired for a flat
intensity profile, and what is required for AMO0 luminous flux. The measured values represent
the most precise compromise achievable, after several iterations, for the system as-is. Addi-
tional optics could further decrease beam non-uniformity. The inclusion of diffusion filters
would further decrease the Gaussian nature of the beam, however it would also decrease in-
tensity and could affect the spectrum. Additionally, a collimating system such as a lenticular
could be used to decrease the divergence of the system. This could also be efficiently used
to homogenize the spectral uniformity across the test area, and allow for individual filtering
through lenticular elements for fine adjustments to the final spectrum.

Temporal stability measurements were performed by monitoring the current output of

a monitor silicon cell over the course of one hour, after the typical warm-up time for the
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Figure B.7: Spatial uniformity of combined HMI and QTH showing normalized intensity.
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RIT/Aerospace RIT/Emcore RIT/NASA

Isc 1.20% 0.60% -0.15%
Voc 0.70% 1.60% 1.30%
Imax 0.60% 1.80% -0.54%
Vmax 1.50% 0.00% 1.20%
Fill Factor 0.10% -0.20% -2.39%
Efficiency 2.10% 2.00% 0.70%

Table B.3: Percent difference of cell parameters measured at different facilities.

system of one hour for the QTH and one half hour for the HMI. The resulting data exhibited
a temporal uniformity of £ 0.35% from the mean over that time period.

A comparison of the average measurements between RIT’s simulator and Aerospace Cor-
poration, Emcore Photovoltaics, and NASA Glenn can be seen in table B.3. At each location,
the simulator was calibrated using Emcore isotypes, and I-V data was taken for ten Emcore
BTJ devices. The same set of calibration and test devices were used at each location, and the
temperature was maintained at 28°C. The data shows good agreement between RIT and the
various testing facilities, with percent difference typically below 2%. Percent difference here

is defined as

PRI T
D= (1 — W) x 100% (BS)
where PF!T is the parameter value measured at RIT, and P°*" is the parameter measured at

the external facility. These values are typically within three standard deviations from varia-
tion seen in measurements between facilities as discussed in the aforementioned international
round robin [160].

The simulator exhibits a near-unity spectral match between 350 nm and 1200 nm, with the
exception of the region from 600 nm to 700 nm, which would benefit from an enhanced in-
tensity with supplemental lamps. This overall range is the most critical for evaluating current
state of the art triple junction solar cells, as well as GaAs devices incorporating nanostructures
such as QDs or QWs. There is a non-negligible spatial variation in spectral intensity, which
has the potential to affect which junction is current-limited in a multijunction cell, but this is
only an issue for a large cell ( ;100 cm?) or multi-cell coupon. Spectral mismatch factors were

calculated for several types of solar cells, including those incorporating nanostructures, and
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show measured Isc from the simulated spectra is likely not more than 5% from anticipated
values measured under reference spectra. Overall spatial illumination uniformity is under 6%
for the entire 300 mm diameter test plane, and nearly 1% in the 10 x 10 cm region typically
used. Temporal uniformity of the simulator was less than 4 0.4%. Finally, a comparison of
the simulated AMO spectra with Aerospace Corporation, Emcore Photovoltaics, and NASA

GRC, exhibited agreement within typically 2% for standard figures of merit.
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Appendix C

Alignment of Quantum Dot Superlattices for
HRXRD

The use of high resolution XRD (HRXRD) is a convenient method of determining the period-
icity and residual strain of a superlattice sample. Diffraction occurs when the incident X-ray
beam satisfies Bragg’s law

nA = 2dhkl sin (6) (Cl)

where n is the order (1,2, 3, ...) of diffraction, dpy, is the inter-plane spacing, and 6 is half of
the angle between the incident and diffracted beam, as shown in Figure C.1. The inclusion of
a SL in the sample produces satellite diffraction peaks about the substrate Bragg peak when
measured in a coupled 260 — w scan, the period and position of which relate directly to the
strain and period of the SL normal to the crystal plane under investigation. The methods of
extracting these parameters are discussed in Bailey et al. [55].

The goniometer used to hold and position a sample under test for HRXRD has several
independently controllable axes. A standard configuration is shown in Figure C.1. With a
fixed X-ray source, the §-axis controls the angle w, defined between the incident beam and
the x-axis. The x-axis (tilt) and the ¢-axis (rotation) are used to orient the diffracting planes
of the sample normal to the plane defined by the beam path from X-ray generator and the
detector. The detector is independently controllable from the sample stage, and creates an
angle 20 with the incident x-ray beam by rotating about the central #-axis but is otherwise in
a fixed position in space aligned to the source.

For a sample oriented with a surface exactly parallel to the lattice plane under investiga-

tion, the y-axis may be set to 0°, the ¢-axis may be set to any value, and § = w = % (where
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Figure C.1: HRXRD sample orientation geometries.

0 is the expected Bragg angle) to satisfy Bragg’s law. As the surface deviates from this con-
dition, these other axes become critical, and w may deviate from 6 to observe a diffraction
peak. Nearly all devices and structures in the studies discussed in this document were grown
on substrates offcut (also called miscut or misorientation) to some angle away from a crystal
plane normal. Specifically, the surface normal of these samples were oriented (100), with
offcuts of typically 2° or 6° toward either [110] or [111] planes. Small angle substrate offcuts
are advantageous for QD nucleation [25], as well as the ordering of atoms in InGaP, [164].
Because of this, some care is necessary in aligning the sample to produce repeatable results.

When the surface of a sample is offcut by some angle a, the set point of the goniometer
necessary to produce a Bragg peak at the detector becomes spread out and periodic in ¢xw-
space. This is due to the fact that the surface normal of the macroscopic surface of the sample is
no longer coincident with the surface normal of the lattice plane. The specific angles necessary

to satisfy Bragg’s law can be determined trigonometrically

w = acos(¢) (C.2)

X = —asin (¢) (C.3)
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chi ()

Figure C.2: Position (and projections) of the location in ¢xw-space where the substrate Bragg diffrac-
tion peak can be found for a (100) 6° [110] substrate.

for any arbitrary value of ¢ (which is dependent on placement of the sample on the stage by
the user).

As an example, looking at the (004) diffraction of a GaAs substrate with an offcut angle of
a=6° away from (100) towards [110], a diffraction peak can be found at any value of ¢ (—180°
to 180°) at some specific value of y over the range -a < y < « and at some specific value of
w *a away from the expected Bragg angle, = 33°. The relationship between these three
coordinates is necessarily sinusoidal due to the geometries involved, and a plot of the points
at which a peak can be found are shown in Figure C.2.

Several measurements were taken along this path, shown on the Y —w projection in Figure
C.3, and analyzed using an Excel file created to extract period and strain information from
HRXRD data of SLs. The sample used was a test structure consisting only of the periodic
SL discussed in previous chapters grown on a GaAs (100) 6° [110] substrate. Due to the

coupled nature of 20 — w scans used in this measurement, there was a systematic variation in
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Figure C.3: Positions in yw-space where HRXRD measurements were taken.

both period, Figure C.4, and stress, Figure C.5, depending on the orientation of the substrate.
Period varied within +16.7% from a median value, and stress within +14.8%. Because of this,
it is essential to the consistency of measurements that data from multiple samples or sample
locations occur in the same region of ¢yw-space.

Two methods are suggested for maintaining consistency between measurements for offcut
samples, both of which place the entirety of the offcut into the y-axis, allowing w to be equal
to 6 for later analysis. If the precise offcut angle « is known, the goniometer should be set to
X = *a and w = 6. A scan can then be performed varying ¢ until a peak is found, followed
by a normal high resolution scan about that peak.

If the offcut is not known,  is set to 0° and w is set to some value of 6 + o/ where o is
an educated guess of the offcut angle (which should err on the side of smaller than the actual
offcut angle, rather than larger, as larger values will fail to resolve any peak). A scan is then
performed about ¢, which will result in two peaks. To use the previous example, shown in
Figure C.2, if o/ is first assumed as 2°, w = 33°+ 2° = 35°. Scanning through ¢ with y fixed at

0° (the ¢w projection) reveals two peak locations, one near ¢ = —115° and one near ¢ = 25°.
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Figure C.4: Extracted period from HRXRD scans at varying points in ¢xw-space for offcut substrate.

775 T T T T T T T T T T T T T

750F =m -1
725 i —
700 i -
675 |-
650 | ]

625 | n . " i

Strain (ppm)

600 .
575 |- -

550 - .

525 [ | . L . L . L . 1 . ! .
26 28 30 32 34 36 38 40

Omega (degrees)

Figure C.5: Extracted strain from HRXRD scans at varying points in ¢xw-space for offcut substrate.
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Figure C.6: HRXRD map of ¢w-space for a (100) 6° [110] substrate
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A map of ¢w-space (x = 0°) is shown in Figure C.6. Each vertical slice represents the
aforementioned scan through ¢ space (with w + o’ ranging from 38.5° to 39.2°), but a map is
shown to clarify. Averaging the two values of ¢ where a peak is observed gives ¢ = —45°,
which is then set in the goniometer. Next, a scan of w is performed with x and ¢ fixed (this
is a horizontal slice through Figure C.6), which in this case would find a peak at w = 39°, the
“peak” of the map in Figure C.6. Subtracting § = 33° from this new value gives o/ = 6°, equal

to the true «. The first method outlined above may be set up in the goniometer, and a coupled

scan can be run.
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Appendix D

Software

D.1 Photoreflectance Fitting

This software can be found on GitHub [165].
Functions for extracting parameters from photoreflectance data.
These files were created in MATLAB R2013a.
This program is free software: you can redistribute it and/or modify it under the terms of

the GNU General Public License v3.

D.1.1 Dependencies

This project requires the MATLAB Curve Fitting Toolbox.
Parts of this project require the free/open-source C++ version of the imaginary error func-
tion ‘Faddeeva_erfi()’, written by S. G. Johnson, which can be found, along with instructions

on compiling in MATLAB, at: http://ab-initio.mit.edu/Faddeeva

D.1.2 How to use these scripts

To produce an example photoreflectance deltaR/R plot (TDFF): File needed: prTDFF.m
For, e.g. GaAs: First create a vector of energies to plot over, here 1.3 to 1.5 eV in steps of 1

meV:

E= 1.3 : 0.001 : 1.5;

Then calculate the corresponding PR signal with a call to ‘prTDFF.m’. In this example: Eg

= 1.42 eV gamma = 0.01 eV hO = 0.001 eV theta=0m = 2.5 A = le-4

PR = prIDFF(E, 1.42, 0.01, 0.001, 0O, 2.5, le-4);
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Which is then plotted:

plot(E, PR);

Please see the comments at the top of ‘prTDFF.m’ for more information.

To produce an example photoreflectance deltaR/R plot (FDFF):

Files needed:

prFDFE.m prCHF.m (Also requires ‘Faddeeva_erfi()’ as listed in the dependencies section
above)

For, e.g. a bound quantum well state: First create a vector of energies to plot over, here 1.1

to 1.4 eV in steps of 1 meV:
E=1.1: 0.001 : 1.4;

Then calculate the corresponding PR signal with a call to ‘prFDFF.m’. In this example: Eg
=1.21 eV gamma = 0.01 eV theta =0 A = le-4

PR = prFDFF(E, 1.21, 0.01, 0, le-4);

Which is then plotted:

plot(E, PR);

Please see the comments at the top of ‘prFDFF.m’ for more information.

To fit data against (n) oscillators using MultiFit:

Files needed: prTDFF.m prMultiFit.m prMultiFitSetup.m prFDFFn.m prTDFFn.m prCHF.m
(Also requires ‘Faddeeva _erfi()’ as listed in the dependencies section above)

This method fits an arbitrary, user defined mix of FDFF and TDFF oscillators.

Import experimental data to MATLAB. In this example, x-data is '’E’ and y-data is 'PR’.

Make a vector of educated guesses of where the oscillators lie:

initial = [1.1, 1.16, 1.23, 1.37, 1.42];
Next, define an oscillator type for each of those energies:
type = [1, 1, 1, 1, 3];

154



In this example, the first 4 oscillators will use the FDFF by setting the "type(1:4)’ to 1, while
the fifth oscillator will use the TDFF by setting ’type(5)’ to 3.

Make a call to ‘prMultiFit.m° using the experimental data and the ’initial’ vector. Here we
set testFit and testGOF to the fit output and goodness of fit output, respectively. Since the

vector ’initial’ has 5 values, a 5-oscillator fit will be created and used.

[testFit, testGOF] = prMultiFit(E, PR, initial, type);

This function accepts additional inputs (default is listed first):

fixM: ’true’ or ’false’. This fixes the m-exponent to 2.5 (true) or sets it as a floating fitting
parameter (false).

couplePhase: 'false’ or “true’. This allows each oscillator to have a separate phase term, or
couples all oscillators to one phase parameter.

plotFitOnly: 'false’ or true’. Plots the resulting fit against the data (true) or checks against
‘plotAll’.

plotAll: ’true’ or false’: Plots the fit as well as the component functions (true) or does not
plot anything (false).

The fitting process flow is as follows: ‘prMultiFit.m’ calls ‘prTDFFn.m’ and/or ‘prFDFFn.m’
which returns the equation to fit against, as well as all coefficients in a vector. It then creates
a fittype, followed by a call to ‘prMultiFitSetup.m’ where the starting point, and upper and
lower bounds are set. If the fit() is resulting in poor fits or is hitting boundaries, they should
be changed within the setup file. The fit() is then performed. Here the tolerance and number

of iterations can be changed. Finally any plotting is performed.

D.1.3 prMultiFitm

function [myFit,myGof]=prMultiFit (x,y,initial,type,varargin)
prMultiFit returns a fit and a gof against the input x and y data, using
the sum of n oscillators defined by either prFDFF or prIDFF depending on
the contentes of the ’‘type’ vector.
Inputs:
x: x-values of experimental data (energy) [eV] {vector expected}
y: y-values of experimental data (deltaR/R) [unitless]

{vector expected}

o0 oo oo oo oo oo oo oo

initial: Estimates of oscillator energy [eV]
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{scalar or vector expected}
type: Declaration of functional form to use for each item in
/initial”
Optional Inputs:
’couplePhase’: ’false’: (default) allows independent phase term
fits for each oscillator.
‘true’: locks all phase terms as one parameter
within each functional form. e.g.: all
PrFDFF oscillators will share one phase
term, and all prTFDD oscillators will share
one phase term.
Outputs:
myFit: MATLAB fit output [various] {cfit}
myGof: MATLAB goodness of fit output [various] {struct}

Example:
initial = [1.1, 1.3, 1.42]; %Three oscillators, at these energies
type = [1, 1, 3]; %The first two will use prFDFF, the third, prIDFF
[testFit,testGof]=prMultiFit (x,y,initial,type) %$Perform fit

This function file was written in MATLAB R2013a, and is part of the
project: photoreflectance. It requires the free/open-source

C++ version of erfi(): Faddeeva_erfi(), written by S. G. Johnson, which
can be found, along with instructions on compiling, at:
http://ab-initio.mit.edu/Faddeeva

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

p = inputParser;

addOptional (p, " couplePhase’,’ false’);

(
addOptional (p, " fixM’, " true’);
addOptional (p, 'plotFitOnly’, " false’);
addOptional (p, "plotAll’,’true’);

parse (p,varargin{:});

n=length(initial);
myEqg="";
myCoeff={};
F_iter=1;
T _iter=1;
if not (length(initial)==length (type))
err = MException (’/typeN:0OutOfRange’,
"Vectors ’’initial’’ and ’’type’’ must be the same length.’);
throw (err)

end

for i=1:n
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switch type (i)
case 1 $%Use prFDFF
[tempEqg, tempCoeff] = prFDFFn(l, ’iteration’, F_iter,...
"couplePhase’, p.Results.couplePhase);
myEg = strcat (myEq, tempEq, ' + 7);
myCoeff = horzcat (myCoeff, tempCoeff);
F_iter = F_iter + 1;
case 3 3%Use prIDFF
[tempEqg, tempCoeff] = prTDFFn(l, ’iteration’, T_iter,...
"couplePhase’, p.Results.couplePhase, ’fixM’,...
p.Results.fixM) ;
myEg = strcat (myEq, tempEqg, ' + 7);
myCoeff = horzcat (myCoeff, tempCoeff);
T _iter = T_iter + 1;
case ’'fko’' 3%Use prFKO
% placeholder for future code, see alternative branch of
% github repository photoreflectance.
otherwise

err = MException (’/type:OutOfRange’,

"Type value is outside expected range (1, 3,’"fko’’")’");

throw (err)
end
if i==
myEgq=myEqg (l:end-2) ;
end

end

myFitType=fittype (myEq, ’'dependent’, {’y’},’independent’,{’x"}, ...

"coefficients’, myCoeff);

[start,upper, lower]=prMultiFitSetup(x,initial, myCoeff, ’'couplePhase’, ...

p.Results.couplePhase);

[myFit, myGof]=fit (x,y,myFitType,’ StartPoint’, start, ’'Upper’, upper,...

"Lower’, lower, ’'MaxFunEvals’, 5000, ’'MaxIter’, 5000,...
"TolFun’, 1le-10, ’'TolX’, 1le-10, ’'DiffMinChange’, le-12);

myPlot=plot (myFit, 'k’ ,x,vy);
set (myPlot,’ LinewWidth’, 3);

%Build plots based on variable inputs
if strcmp(p.Results.plotFitOnly, ’'true’)
myPlot=plot (myFit,’'k’,x,vy);
set (myPlot,’Linewidth’, 3);
elseif strcmp(p.Results.plotAll, ’'true’)
myPlot=plot (myFit, 'k’ ,x,vy);
set (myPlot,’LineWidth’, 3);
fitCoeff=coeffvalues (myFit);
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fitCoeffNames=coeffnames (myFit) ;

for j=1:n
switch type (7)

case 1
$y=prFDFF (E, En, gamma, theta, A)
myName=strcat (' EnF’ ,num2str (F_iter,”%02d"));
boolIndex = strcmp (myName, fitCoeffNames);
myEnF=fitCoeff (boolIndex) ;

myName=strcat (' gammaF’ , num2str (F_iter,’%02d"));
boolIndex = strcmp (myName, fitCoeffNames);
myGammaF=fitCoeff (boolIndex) ;

if strcmp(p.Results.couplePhase, ’'true’)
myName="thetakF00’;
else

myName=strcat (' thetaF’,num2str (F_iter,’%02d"));

end
boolIndex = strcmp (myName, fitCoeffNames);
myThetaF=fitCoeff (boolIndex) ;

myName=strcat (' AF’ ,num2str (F_iter,’ %02d"));
boolIndex = strcmp (myName, fitCoeffNames);
myAF=fitCoeff (boolIndex) ;

myFDFF (:,F_iter)=prFDFF (x, myEnF, myGammaF, ...
myThetaF, myAF);

F_iter = F_iter + 1;

case 3
$f=prTDFF (x, Eg, gamma, hO, theta, m, A)
myName=strcat (' EnT’ ,num2str (T_iter,’%02d"));
boolIndex = strcmp (myName, fitCoeffNames);
myEnT=fitCoeff (boolIndex);

myName=strcat (' gammaT’ , num2str (T_iter,’%02d"));
boolIndex = strcmp (myName, fitCoeffNames);

myGammaT=fitCoeff (boolIndex) ;

myName=strcat (' hOT’ , num2str (T_iter,”%02d"));
boolIndex = strcmp (myName, fitCoeffNames);

myHOT=fitCoeff (boolIndex) ;
if strcmp(p.Results.couplePhase, ’'true’)

myName="thetaT00" ;

else
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myName=strcat (' thetaT’ ,num2str (T_iter,’%$02d"));

end

boolIndex = strcmp (myName, fitCoeffNames);

myThetaT=fitCoeff (boolIndex) ;

if strcmp(p.Results.fixM, ’true’)
myMT=2.5;
else

myName=strcat ('mT’ , num2str (T_iter,”’%02d"));

boolIndex = strcmp (myName, fitCoeffNames);

myMT=fitCoeff (boolIndex) ;
end

myName=strcat (AT’ ,num2str (T_iter,’%02d"));

boolIndex = strcmp (myName, fitCoeffNames);

myAT=fitCoeff (boolIndex) ;

myTDFF (:,T_iter)=prTDFF (x, myEnT,
myHOT, myThetaT, myMT, myAT);
T iter = T_iter + 1;
case '’ fko’
otherwise

err = MException (’type:0OutOfRange’,

myGammaT, ...

["Type value is outside expected range’...

(1, 3, ""fko"")"1);
throw (err)
end
end
hold on
if exist ('myFDFFE’, ’'var’)
plot (x, myFDFF, ’'linewidth’, 1);
end
if exist (myTDFE’, ’'var’)
plot (x, myTDFF, ’linewidth’, 1);
end
hold off
end

end

D.1.4 prMultiFitSetup.m

function [start,upper, lower]=prMultiFitSetup(x,initial,

oo oo oo oo oo op

oo

myCoeff,varargin)

prMultiFitSetup returns vectors describing initial conditions, as well as

upper and lower bounds for the fitting function.

Inputs:

x: x-values of experimental data [eV] {vector expected}

initial: Estimates of oscillator energy [eV]
{scalar or vector expected}

myCoeff: Names of coefficients used in the equation,
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o oo o oo oo oo oo oo oo oo oo oo oo oo op

oo

o_

prIDFFn.m and/or prFDFFn.m.

Optional Inputs:

/couplePhase’: ’false’: (default) allows independent phase term

fits for each oscillator.
‘true’: locks all phase terms as one parameter.

Outputs:

start: Starting point of all parameters [various] {vector}

upper: Upper bounds of all parameters [various] {vector}

lower: Lower bounds of all parameters [various] {vector}

This function file was written in MATLAB R2013a, and is part of the

project: photoreflectance.

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

$==== Ranges for prFDFF parameters

%Value erangeF determines percentage change allowed via bounds for
%energy. E.g. 0.15 means 15% higher or lower than the input guess.

erangeF=0.10;

gammaFstart=0.05; %Broadining factor initial value [eV]
gammaFup=1; %$Broadining factor maximum [eV]
gammaFlow=0.0001; %¥Broadining factor minimum [eV]
thetaFstart=0; $Phase factor initial value [radian]
thetaFup=2+pi; $Phase factor maximum [radian]
thetaFlow=-2xpi; $Phase factor minimum [radian]
AFstart=0.001; $Amplitude factor initial value [unitless]
AFup=.01; $Amplitude factor maximum [unitless]
AFlow=.0000001; $Amplitude factor minimum [unitless]
§===== End of ranges for prFDFF parameters

$===== Ranges for prIDFF parameters

%¥Value erangeT determines percentage change allowed via bounds for
%energy. E.g. 0.15 means 15% higher or lower than the input guess.

erangeT=0.2;

gammaTstart=0.05; %¥Broadining factor initial value [eV]
gammaTup=1; %¥Broadining factor maximum [eV]
gammaTlow=0.0001; %Broadining factor minimum [eV]
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58

59 S$Electro-optical factor dependents include E-field and interband

60 Seffective mass

61 hOTstart=0.01; %Electro-optical factor initial value [eV]
62 hOTup=1; 3Electro-optical factor maximum [eV]

63 hOTlow=0.00001; %Electro-optical factor minimum [eV]

64

65 thetaTstart=0; $Phase factor initial value [radian]

66 thetaTup=pi; %¥Phase factor maximum [radian]

67 thetaTlow=-pi; %Phase factor minimum [radian]

68

69 $Exponent factor. m=2.5: 3D critical point; m=3: 2D critical point. If
70 %using anything other than m=2.5, you should probably be treating this
71 %as a FDFF oscillator, though the option is left 1in.

72 mTstart=2.5; $Exponent factor initial value [unitless]
73 mTup=4; $Exponent factor maximum [unitless]

74 mTlow=2; $Exponent factor minimum [unitless]

75

76 ATstart=0.001; $Amplitude factor initial value [unitless]
77 ATup=le-2; $Amplitude factor maximum [unitless]

78 ATlow=le-7; $Amplitude factor minimum [unitless]

79

80 % End of ranges for prITDFF parameters

81

82 f==========================================================================
83 EnFplus=1l+erangeF;

84 EnFminus=1-erangeF;

85 EnFmax=max (x) +0.999;

86 EnFmin=min (x)+1.001;

87

88 EnTplus=l+erangeT;

89 EnTminus=1l-erangeT;

90 EnTmax=max (x) +0.999;

91 EnTmin=min (x)+1.001;

92

93 p = inputParser;

94 addOptional (p, " couplePhase’,’ false’);

95 addOptional (p,’ £fixM’, " true’);

% parse (p,varargin{:});

97

98 cLength=length (myCoeff);

99 start (cLength)=zeros;

100 upper (cLength)=zeros;

101 lower (cLength)=zeros;

102 initialIndex = 1;

103 for i=l:clLength

104 switchparam = char (myCoeff (i));

105 switch switchparam(l:end-2)

106 $===Setup ranges for prFDFF parameters
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case

case

case

case

o___
9 ===

R
Q===

case

"EnF’
$First check to make sure the generatated bounds on the
guesses of energy are inside the data, if not set to just
%inside the data range.
if initial (initialIndex) *EnFplus > EnFmax
EnFup=EnFmax;
else
EnFup=initial (initialIndex) *EnFplus;
end
if initial(initialIndex) *EnFminus < EnFmin
EnFlow=EnFmin;
else
EnFlow=initial (initialIndex) *EnFminus;
end
start (i)=initial (initialIndex);
upper (i) =EnFup;
lower (i) =EnFlow;
initialIndex = initiallIndex + 1;
"gammaF’
start (i) =gammaFstart;
upper (1) =gammaFup;
lower (i) =gammaFlow;
"thetaF’
start (i)=thetaFstart;
upper (i) =thetaFup;
lower (i) =thetaFlow;
N
start (i) =AFstart;
upper (1) =AFup;
lower (1) =AFlow;

End setup ranges for prFDFF parameters

Setup ranges for prTDFF parameters
"EnT’
$First check to make sure the generatated bounds on the
guesses of energy are inside the data, 1f not set to just
%inside the data range.
if initial(initialIndex)*EnTplus > EnTmax
EnTup=EnTmax;
else
EnTup=initial (initialIndex) *EnTplus;
end
if initial(initialIndex) *EnTminus < EnTmin
EnTlow=EnTmin;
else
EnTlow=initial (initialIndex) *EnTminus;
end
start (i)=initial (initialIndex);

upper (1) =EnTup;
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lower (i) =EnTlow;
initialIndex = initialIndex + 1;
case ’'gammaT’
start (i)=gammaTstart;
upper (1) =gammaTup;
lower (i)=gammaTlow;
case ’'hOT’
start (1) =hOTstart;
upper (1) =h0OTup;
lower (1) =hOTlow;
case ’'thetaT’
start (i) =thetaTstart;
upper (i) =thetaTup;
lower (i) =thetaTlow;
case 'mT’
start (i)=mTstart;
upper (1) =mTup;
lower (i) =mTlow;
case AT’
start (i) =ATstart;
upper (1) =ATup;
lower (i) =ATlow;
$===End setup ranges for prTDFF parameters
end
end

end

D.1.5 prFDFFn.m

function [myEq,myCoeff]=prFDFFn (n,varargin)

oo

PrFDFFn builds a string defining the sum of (n) oscillators of the

o0

equation presented in prfDFF.m.

o

Inputs:

oo

n: Number of oscillators to use [unitless] {scalar expected}

oo

Optional Inputs:

oo

’couplePhase’: ’false’: (default) allows independent phase term

o

fits for each oscillator.

oo

‘true’: locks all phase terms as one parameter.

oo

Outputs:

oo

myEq: Equation to use in building a fittype {string}

oo

myCoeff: List of parameter names used in myEq {vector}

o

oo

This function file was written in MATLAB R2013a, and 1is part of the

oo

project: photoreflectance.

oo

oo

Copyright 2014 Stephen J. Polly, RIT

o

This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

oo
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p = inputParser;

addOptional (p,’ couplePhase’,’ false’);

addOptional (p, " iteration’,0);

parse (p,varargin{:});

myEq="";
myCoeff={};

if p.Results.iteration > 0 && n > 1

err = MException(’n:0OutOfRange’,

"If ’’iteration’’ 1is specified,

throw (err)
end
for i=1:n
if p.Results.iteration == 0
nx=num2str (i, ’%02d");

else

nx=num2str (p.Results.iteration,’%02d");

end
EnFx=strcat (' EnF’,nx) ;
gammaFx=strcat (' gammaF’, nx) ;

AFx=strcat (' AF’ ,nx) ;

$The Coefficient vector is built differently depending on 1if the
3phase term is fixed or not. If phase is fixed,

3phase parameter, which is used in each function call.

Sthey are enumerated as the rest of the parameters.

if strcmp(p.Results.couplePhase,

"true’)

|| (p.Results.iteration > 1))

thetaFx=’'thetakF00’;

myCoeff=horzcat (myCoeff, {EnFx,

else

if strcmp(p.Results.couplePhase,

&& (p.Results.iteration
thetaFx="thetaF00’;

else

<= 1)

thetaFx=strcat (' thetaF’,nx);

end

myCoeff=horzcat (myCoeff, {EnFx,

end
myEg=strcat (myEq, 'prEFDFF (x, ',
thetaFx, ’,’, AFx, ') +');
end
$remove trailing 7 +’
myEg=myEq (1l :end-2) ;

end

D.1.6 prFDFF.m

function f=prFDFF (E,En, gamma,theta, )

% prFDFF returns the first-derivative Gaussian lineshape for confined

EnFx,

164
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’

’

&&

gammakF'x,

’

(i > 1

gammaFx, AFx});

"true’) ...

gammakF'x,

n must equal 17);

thetaFx,

’

’

14

thetal is the only

Otherwise

AFx});

g oo .
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do oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo

oo

carrier photoreflectance:
Inputs:
E: Energy [eV] {vector expected}

En: Oscillator energy [eV] {scalar expected}
gamma: Broadning factor [eV] {scalar expected}
theta: Phase term [radians] {scalar expected}

A: Amplitude factor [unitless] {scalar expected}
Outputs:
f: Output delR/R [proportinal to eV 3] {vector}

The formula is taken from eq. 7a, page 3810 of [1].

This was written in MATLAB R2013a, and requires the free/open-source
C++ version of erfi(): Faddeeva_erfi(), written by S. G. Johnson, which
can be found, along with instructions on compiling, at:

http://ab-initio.mit.edu/Faddeeva

[1]Y. S. Huang, H. Qiang, F. H. Pollak, J. Lee, and B. Elman,
‘‘Electroreflectance study of a symmetrically coupled
GaAs/Ga0.77A10.23As double quantum well system,’’ Journal of Applied
Physics, vol. 70, no. 7, p. 3808, 10/1/1991 1991. DOI: 10.1063/1.349184

This function file was written in MATLAB R2013a, and is part of the

project: photoreflectance.

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License V3.
% Begin with equation 6b [1].
a0=(E-En) . /gamma;
¢ Compute eq. 3d [1], psi(l, 1/2, -x"2/2), the confluent hypergeometric
% function (see comments in chfPR.m).
al=prCHF (a0) ;
% Then: eq. 3e [1].
a2=—(pi/2) " (1/2) .*a0.xexp(-(a0d."2./2));
% Finally, compute one element j of eq. 7a [1].
f=A.x (sin(theta) .+ al+cos (theta) .~*a2);

end

D.1.7 prCHF.m

function f=prCHF (x)

o
°
9o
°
o
°
o
°
o
°

o
°

prCHF computes psi(l, 1/2, -x"2/2), where psi is the confluent
hypergeometric function. This precise function definition is difficult to
calculate in MATLAB without invoking the symbolic toolbox, which
considerably increases computation time (~4 orders of magnitude larger
than this method). An alternative form was determined with WolframAlpha

by searching for:
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do oo oo oo oo o oo oo oo oo oo oo oo oo o oo oo oo oo oo op

oo

"confluent hypergeometric function (1, 1/2, -x"2/2)"

The alternate form makes use of the imaginary error function. While not
included in MATLAB (without also invoking the symbolic toolbox), a
free/open-source C++ version of erfi() was written by S. G. Johnson, and
can be found at:

http://ab-initio.mit.edu/Faddeeva

Instructions for compiling it in MATLAB can also be found there.

This particular function, psi(1l, 1/2, -x"2/2), was taken from equation 3d
of [1].

[1]Y. S. Huang, H. Qiang, F. H. Pollak, J. Lee, and B. Elman,

‘'‘Electroreflectance study of a symmetrically coupled
GaAs/Ga0.77A10.23As double quantum well system,’’ Journal of Applied
Physics, vol. 70, no. 7, p. 3808, 10/1/1991 1991. DOI: 10.1063/1.349184

This function file was written in MATLAB R2013a, and is part of the

project: photoreflectance.

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

SprCHF (x) would return NaN or InF if x < -37, x > 37, or x = 0 due to
¢Faddeeva_erfi (x/sqrt (2)) returning Inf. The modification to x here
%prevents this from happening, and is of negligible consequence to the
%functional form. For 0 < x <= le-13, Faddeeva_erfi(x) produces a
%result equal to or less than its nominal tolerance for
%Faddeeva_erfi(0) = 0, but prevents the rest of the function from
%producing NaN.

x (x<-37)=-37;

x(x>37)=37;

x (x==0)=1e-13;

al=(l-(sqgrt (-x).+Faddeeva_erfi(x./sqrt(2))) ./ (sqrt(x)));
a2=((2xsgrt(2) .xexp ((x.72)/2) .*sqrt(x)) ./ ((-x). " (3/2)));
al3=(exp(—(x.72)./2) .+xsqrt (-x) .*sqrt (x)) ;

f=real ((a3.* (-2.xsqgrt(pi) .*al-a2)./sqgrt(2)));

$The symbolic toolbox code is included here for reference, but as
Smentioned it takes “le4 times as long to run.

prCHF computes psi(l, 1/2, -x"2/2), the confluent
hypergeometric function. This function is difficult in MATLAB,

9o
°

o

o
°

o

o
°

oo

using the form psi=e” (-x"2/2) + exponential integral of

o
°

oo

(n, -x"2/2) where n = 3/2 computed as an alternative form from
wWolframAlpha call of:

°o
o

oo

% % "confluent hypergeometric function (1, 1/2, -x"2/2)"
X (x<-37)=-37;

oo

166



57

58

59

60

61

62

63

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

oo

x (x>37)=37;
X (x==0)=1e-13;

oo

oo

xS=sym(x) ;

al=exp (—(x."2./2));
aZ=double (expint (3/2,-(xS."2)/2));
f=real (al.*a2);

oo oo

oo

end

D.1.8 prITDFFn.m

function [myEq,myCoeff]=prTDFFn (n,varargin)

do do oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo oo op

oo

prIDFFn builds a string defining the sum of (n) oscillators of the
equation presented in prIDFF.m.

Inputs:
n: Number of oscillators to use [unitless] {scalar expected}
Optional Inputs:
’couplePhase’: ’false’: (default) allows independent phase term
fits for each oscillator.
‘true’: locks all phase terms as one parameter.
7fixM’: ’‘true’: (default) locks the exponent ’'m’ as 2.5, typical
for a three dimentional critical point.
/false’: allows independent ’‘m’ term for each oscillator.
Outputs:
myEqg: Equation to use in building a fittype {string}

myCoeff: List of parameter names used in myEq {vector}

This function file was written in MATLAB R2013a, and is part of the

project: photoreflectance.

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

p = inputParser;
addOptional (p, ' couplePhase’,’ false’);
addOptional (p, " fixM’, " true’);
addOptional (p,’ iteration’,0);

parse (p,varargin{:});

myEq="";
myCoeff={};
if p.Results.iteration > 0 && n > 1
err = MException(’n:0OutOfRange’,
"If '’iteration’’ is specified, n must equal 17);
throw (err)
end
for i=1:n
if p.Results.iteration == 0

nx=num2str (i, ’%02d");
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else
nx=num2str (p.Results.iteration,’%02d");
end
hOTx=strcat (' hOT’ ,nx) ;
ATx=strcat (AT’ ,nx);
EnTx=strcat ('EnT’,nx);
gammaTx=strcat (' gammaT’, nx) ;
%The Coefficient vector is built differently depending on what
% (from phase and m terms) are fixed. If phase is fixed, thetal is
$the only phase parameter, which is used in each function call.
%0therwise they are enumerated as the rest of the parameters. If
em is fixed, it is simply set to 2.5 and not included as a
sparameter at all.
if strcmp (p.Results.fixM, ’'true’)
mTx="2.5";
if strcmp(p.Results.couplePhase, ’'true’) && (1 > 1
[ (p.Results.iteration > 1))
thetaTx=’'thetaT00’;
myCoeff=horzcat (myCoeff, {EnTx, gammaTx, hOTx, ATx});
else
if strcmp(p.Results.couplePhase, ’'true’)...
&& (p.Results.iteration <= 1)
thetaTx=’'thetaT00’;
else
thetaTx=strcat (' thetaT’,nx);
end
myCoeff=horzcat (myCoeff, {EnTx, gammaTx, hOTx, thetaTx, ...
ATx}) ;
end
else
mTx=strcat ('mT’,nx) ;
if strcmp(p.Results.couplePhase, ’'true’) && (1 > 1
|| (p.Results.iteration > 1))
thetaTx="thetaT00"’;
myCoeff=horzcat (myCoeff, {EnTx, gammaTx, hOTx, mTx, ATx});
else
if strcmp(p.Results.couplePhase, ’'true’)...
&& (p.Results.iteration <= 1)
thetaTx=’'thetaT00’;
else
thetaTx=strcat (' thetaT’,nx);
end
myCoeff=horzcat (myCoeff, {EnTx, gammaTx, hOTx, thetaTx, ...
mTx, ATx});
end
end
mnyEg=strcat (myEq, 'prTDFF(x,’, EnTx, ’,’, gammaTx, ’',’, hOTx, ...
r,", thetaTx, ’,’, mTx, ’',’, ATx, ') +");
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$remove trailing 7 +’
nyEg=myEq (l:end-2) ;
end

D.1.9 prTDFF.m

function f=prTDFF (x,Eg, gamma, hO,theta,m,A)

o

prTDFF returns the calculated low-field deltaR/R based on several inputs.

oo

Inputs:

o

x: Energy [eV] {vector expected}

oo

Eg: Oscillator enerqgy [eV] {scalar expected}

% gamma: Broadning factor [eV] {scalar expected}

o

theta: Phase term [radians] {scalar expected}

oo
5]

Exponent (from dimentionality of CPs) [unitless]

oo

{scalar expected}

oo

A: Amplitude factor [unitless] {scalar expected}

oo

Outputs:
f: delR/R [proportinal to eV"3] {vector}

do oo

oo

If all values in [eV] are replaced with [J], the function is still

oo

valid, though that may only hold for this file and not the overall

oo

program. The formula is taken from eq. 4a, page 284 of [1].

oo

oo

[1]F. H. Pollak and H. Shen, "Modulation spectroscopy of semiconductors:

oo

bulk/thin film, microstructures, surfaces/interfaces and devices, "

oo

Materials Science and Engineering: R: Reports, vol. 10, no. 7-8,
pp. xv-374, Oct. 1993. DOI: 10.1016/0927-796X(93)90004-M

oo oo

oo

This function file was written in MATLAB R2013a, and 1is part of the

oo

project: photoreflectance.

oo

o

Copyright 2014, Stephen J. Polly, RIT

oo

This program is free software: you can redistribute it and/or modify

oo

it under the terms of the GNU General Public License v3.

oo

f=real (A.*exp(li.xtheta) .* (x-Eg+li.*gamma) . -m);
end

D.2 Photoluminescence Fitting

This software can be found on GitHub [166].
Functions for extracting parameters from photoluminescence data.
These files were created in MATLAB R2013a.

This program is free software: you can redistribute it and/or modify it under the terms of
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the GNU General Public License v3.

D.2.1 Dependencies

This project requires the Curve Fitting Toolbox in MATLAB.

D.2.2 How to use these scripts

To produce an example Gaussian plot Files needed: plGauss.m
For, e.g. GaAs: First create a column vector of energies to plot over, here 1.3 to 1.5 eV in

steps of 1 meV:

E= (1.3 : 0.001 : 1.5)7;

Then calculate the corresponding PL signal with a call to ‘plGauss.m’. In this example: En
= 1.42 eV (Center of the signal) ¢ = 0.1 eV (half-width half-max of the signal) A = 10 (amplitude

of the signal)

PL = plGauss(E, 1.42, 0.1, 10);

Which is then plotted:

plot(E, PL);

Please see the comments at the top of ‘plGauss.m’ for more information.

To fit data against (n) Gaussians: Files needed: plGauss.m plGaussFit.m plGaussFitSetup.m
plGaussn.m

Import experimental data to MATLAB. In this example, x-data is 'E’ and y-data is "PL’.

Make a vector of educated guesses of where the oscillators lie:

initial = [1.21,1.38,1.42];

Make a call to ‘plGaussFit.m using the experimental data and the ’initial’ vector. Here
we set testFit and testGOF to the fit output and goodness of fit output, respectively. Since
the vector ’initial’ has 3 values, a 3-oscillator fit will be created and used. Other outputs are
the integrated areas of each Gaussian, as well as the data of each Gaussian, as though it was

called by the output of each fit as described above.
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[testFit, testGOF, testArea, testGauss] = ...
prITDFFFit(E, PL, initial);

The fitting process flow is as follows: ‘plGaussFit.m’ calls ‘plGaussn.m’ which returns the
equation to fit against, as well as all coeflicients in a vector. It then creates a fittype, followed
by a call to ‘plGaussFitSetup.m’ where the starting point, and upper and lower bounds are
set. If the fit() is resulting in poor fits or is hitting boundaries, they should be changed within
the setup file. The fit() is then performed. Here the tolerance and number of iterations can
be changed. Finally any plotting is performed. Outputs are the MATLAB structs fitobject
as ‘testFit’ and goodness of fit ‘testGOF’ as well as the numerically integrated (trapezoidal
method) area of each Gaussian ‘testArea’ and the output of the call to ‘plGauss.m’ with the
results of each component Gaussian in ‘testGauss’ so they can easily be plotted or copied to

another program.

D.2.3 plGaussFit.m

function [myFit, myGof, myArea, myGauss] = plGaussFit(x, y, Eini, varargin)
% plGaussFit returns the MATLAB structs fitobject, goodness of fit, and
% the numerically integrated (trapezoidal method) area of each Gaussian

% testArea and the output of the call to plGauss.m with the results of each

oo

component Gaussian in testGauss so they can easily be plotted or copied

oo

to another program, against the input x and y data, using

oo

the sum of n oscillators defined by plGauss.

EN

Inputs:

oo

x: x-values of experimental data (energy) [eV] {vector expected}

oo

y: y-values of experimental data (photoluminescence) [unitless]

oo

{vector expected}

oo

initial: Estimates of oscillator energy [eV]

EN

{scalar or vector expected}

oo

Outputs:
myFit: MATLAB fit [various] {cfit}

o

oo

myGof: MATLAB goodness of fit [various] {struct}

oo

myArea: Trapezoidal integrated area of fits {array}

oo

myGauss: Output of Gaussian function {array}

oo

o

This function file was written in MATLAB R2013a, and is part of the

oo

project: photoluminescence.

oo

% Copyright 2014 Stephen J. Polly, RIT

oo

This program is free software: you can redistribute it and/or modify

o

it under the terms of the GNU General Public License v3.
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p = inputParser;

addOptional (p, "plotFitOnly’,” false’);

addOptional (p, "plotAll’, " true’);

addOptional (p, " cini’,nan(length(Eini)));
(

addOptional (p,’Aini’ ,nan (length(Eini)));

parse (p,varargin{:});

n=length (Eini);

[myEg, myCoeff]=plGaussn (n);

nyFitType=fittype (myEqg, ’dependent’,{’vy’},’

"coefficients’, myCoeff);

independent’, {'x"}, ...

[start,upper, lower]=plGaussFitSetup(x, Eini, myCoeff,

p.Results.cini, p.Results.Aini);

[myFit, myGof]=fit (x,y,myFitType,’ StartPoint’, start, ’'Upper’,
5000, ...
le-12);

"Lower’, lower, ’'MaxFunEvals’, 5000, "MaxIter’,
"TolFun’, le-10, ’'TolX’, le-10, ’'DiffMinChange’,

%Build plots based on variable inputs
if strcmp(p.Results.plotFitOnly, ’'true’)
myPlot=plot (myFit, 'k’ ,x,vy);
set (myPlot,’LinewWidth’, 3);
elseif strcmp(p.Results.plotAll, ’'true’)
myPlot=plot (myFit, 'k’ ,x,vy);
set (myPlot,’ LineWidth’, 3);
fitCoeff=coeffvalues (myFit);
fitCoeffNames=coeffnames (myFit) ;
myGauss=zeros (length(x), n);
myArea (n)=zeros;

for j=1:n

myName=strcat (' EnG’ , num2str (j,’%02d"));

boolIndex = strcmp (myName, fitCoeffNames);

myEnG=fitCoeff (boolIndex) ;

myName=strcat (' cG’ ,num2str (j,’%02d"));

boolIndex = strcmp (myName, fitCoeffNames);

mycG=fitCoeff (boolIndex) ;

myName=strcat (' AG’ ,num2str (j,’%02d"));

boolIndex = strcmp (myName, fitCoeffNames);

myAG=fitCoeff (boolIndex) ;

myGauss (:, j)=plGauss (x, myEnG, mycG, myAG);

myArea (j)=trapz (plGauss (x, myEnG,
end
hold on
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plot (x,myGauss, ’linewidth’, 1);

hold off
end
end

D.2.4 plGaussFitSetup.m

function [start, upper, lower]

oo oo

oo

Inputs:

de oo oo oo op

oo

Outputs:

de oo oo oo op

o

project: photoluminescence.

do oo op

oo

o)

= plGaussFitSetup (x,

upper and lower bounds for the fitting function.

initial: Estimates of oscillator energy [eV]

{scalar or vector expected}

plGaussn.m {vector expected}

This function file was written in MATLAB R2013a,

Copyright 2014 Stephen J. Polly, RIT

Eini, myCoeff, cini, Aini)

plGaussFitSetup returns vectors describing initial conditions, as well as

x: x-values of experimental data [eV] {vector expected}

myCoeff: Names of coefficients used in the equation, as output by

start: Starting point of all parameters [various] {vector}
upper: Upper bounds of all parameters [various] {vector}

lower: Lower bounds of all parameters [various] {vector}

and 1s part of the

This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

%Value erange determines percentage change allowed

%via bounds for energy. E.g.

%or lower than the input guess.

erangeF=0.004; 3%[eV]

%Boundary conditions

0.02 means 2% higher
0.004 used for PR
$see https://github.com/spolly/photoreflectance

cGstart=10e-3; $Half-width half-max (HWHM) starting point [eV]

cGup=25e-3; SHWHM maximum [eV]

cGlow=le-5; SHWHM minimum [eV]

AGstart=5e-2; $Amplitude starting point [arb.]
AGup=le2; $Amplitude maximum [arb.]

AGlow=le-8§; $Amplitude

oo

minimum [arb.]

EnGplus=1l+erangeF;
EnGminus=1-erangeF;

EnGmax=max (x) *0.999;
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EnGmin=min (x)+1.001;

cLength=length (myCoeff);
start (cLength)=zeros;
upper (cLength)=zeros;
lower (cLength)=zeros;
initialIndex = 1;
for i=l:cLength
switchparam = char (myCoeff (i));
switch switchparam(l:end-2)
case ’'EnG’
S$First check to make sure the generatated bounds on the
%guesses of energy are inside the data, 1if not set to just
%inside the data range.
if Eini(initialIndex)*EnGplus > EnGmax
EnGup=EnGmax;
else
EnGup=Eini (initialIndex) *EnGplus;
end
if Eini(initialIndex) *EnGminus < EnGmin
EnGlow=EnGmin;
else
EnGlow=Eini (initialIndex) *EnGminus;
end
start (i)=Eini (initialIndex);
upper (i) =EnGup;
lower (1) =EnGlow;
case ' cG’
if isnan(cini(initialIndex))
start (i)=cGstart;
else
start (i)=cini (initialIndex);
end
upper (1) =cGup;
lower (1) =cGlow;
case ’'AG’
if isnan(Aini(initialIndex))
start (i)=AGstart;
else
start (i)=Aini (initialIndex);
end
start (i) =AGstart;
upper (i) =AGup;
lower (1) =AGlow;
initialIndex = initialIndex + 1;
end
end
end
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D.2.5 plGaussn.m

function [myEq,myCoeff]=plGaussn (n)

% plGaussn builds a string defining the sum of (n) Gaussian functions of

o

oo

coefficient names.

oo

Inputs:

oo

n: Number of Gaussians to use [unitless] {scalar expected}

oo

Outputs:

o

myEq: Equation to use in building a fittype {string}

oo

myCoeff: List of parameter names used in myEq {vector}

o

oo

This function file was written in MATLAB R2013a, and is part of the

oo

project: photoluminescence.

o

oo

Copyright 2014 Stephen J. Polly, RIT

oo

This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

oo

myEg="";
myCoeff={};
for i=1:n
nGx=num2str (i,”%02d");
EnGx=strcat (' EnG’ , nGx) ;
cGx=strcat (' cG’ ,nGx) ;
AGx=strcat (" AG’ ,nGx) ;
¢f = plGauss(x, Eg, c, A)
myEg=strcat (myEq, ’'plGauss(x, ', EnGx, ', ', cGx, ', ', AGx,...
1))
myCoeff=horzcat (myCoeff, {EnGx, cGx, AGx});
end
$remove trailing 7 +’
nyEg=myEqg (1l :end-2) ;
end

D.2.6 plGauss.m

function f = plGauss(x, En, c, A)

o

plGauss returns a Gaussian function.

oo

Inputs:

oo

x: Energy [eV] {vector expected}

oo

En: Oscillator energy [eV] {scalar expected}

oo

c: Standard deviation (HWHM) [eV] {scalar expected}

o

A: Amplitude factor [unitless] {scalar expected}

oo

Outputs:

oo

f: Gaussian [arb.] {vector}

oo

o

This function file was written in MATLAB R2013a, and is part of the

oo

project: photoluminescence.
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the equation presented in plGauss.m, as well as a vector of corrisponding



oo oo oo

oo

f =

end

Copyright 2014 Stephen J. Polly, RIT
This program is free software: you can redistribute it and/or modify

it under the terms of the GNU General Public License v3.

A.xexp (= ((x-En)."2)./(2.%(c."2)));
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Glossary
n efficiency. 99

AFM atomic force microscopy. 7, 21, 32, 83

AFRL Air Force Research Lab. 109, 110, 112

AMO air-mass zero. 4, 9, 36, 37, 40, 42, 45, 110, 112, 134, 135, 137, 138, 142, 144, 146
AM1.5G air-mass 1.5 (global). 3, 4, 134, 135, 138, 144

AR anti-reflection. 2, 36, 59, 60, 102, 119

CB conduction band. 10, 12, 18, 19, 21, 27, 31, 34, 47, 123

CET continuum elasticity theory. 65, 77, 81, 82, 91

DFENCE quantum dots-in-a-fence. 65
DMM digital multimeter. 23, 25
DOS density of states. 122, 123

DUT device under test. 23

E; bandgap energy. 2, 3, 10, 12, 65, 124, 129, 135, 144
EL electroluminescence. 23
EQE external quantum efficiency. 36, 44, 45, 47, 49, 73, 74, 112

ESA European Space Agency. 116

FDFF first-derivative functional form. 26, 27, 54, 56, 155, 156

FF fill factor. 96, 97, 99, 135
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GRC Glenn Research Center. 31, 36, 129

HMI hydrargyrum medium-arc iodide lamp. 134, 135, 137, 138, 146
HRXRD high resolution XRD. 148, 150

HT high-temperature. 32, 69, 70

Imax current at the MPP. 135
Isc short-circuit current. 135, 142, 144, 147
IB intermediate band. 6, 12, 13, 17, 27, 34, 66, 74, 94, 118

IBSC intermediate band solar cell. 6, 11-20, 27, 30, 31, 38, 51, 57, 64-66, 74, 75, 94, 107, 118,

120
IMM inverted metamorphic. 10
IMRR international measurement round-robin. 135, 142, 144
IR infrared. 28-30, 134, 135, 140

ISS International Space Station. 109, 112

Jsc short-circuit current density. 36, 40, 41, 43, 69, 70, 73, 96, 102, 104, 110, 112

JPL Jet Propulsion Laboratory. 116

LAPSS large area pulsed solar simulator. 104
LEO low earth orbit. 109, 112

LT low-temperature. 32, 69, 70

MBE molecular beam epitaxy. 6

MISSE8 Materials on International Space Station Experiment #8. 109, 112, 117
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ML monolayers. 88
MOVPE metal-organic vapor phase epitaxy. 6, 7, 16, 31, 90, 99, 129, 132

MPP maximum power point. 99, 135

NASA National Aeronautics and Space Administration. 31, 36, 129
NDR negative differential resistance. 131
NEIL non-ionizing energy loss. 117

NRL Naval Research Lab. 109, 117, 125

PL photoluminescence. 15, 22-24, 27, 30, 51, 52, 54, 56, 75, 117-119
PMG pseudomorphic glass. 112, 116

PR photoreflectance. 15, 23-27, 30, 51, 54, 56, 74, 118, 119

PT pro-transmission. 59, 60, 119

PVCR peak to valley current ratio. 124, 126

QD quantum dot. 6, 7, 11-32, 34, 35, 37, 38, 40-45, 47, 49-52, 54, 5659, 6466, 68-70, 7378,

81, 82, 86-91, 93, 95, 99, 101, 104, 106-110, 112, 117-121, 125-127, 129, 131, 132, 149
ODSC quantum dot solar cell. 11, 14, 19
ONR quasi-neutral region. 37, 95, 97, 99
QTH quartz tungsten halogen lamp. 25, 104, 134, 135, 137, 138, 142, 146

QW quantum well. 6, 10, 11, 13, 19, 77-79, 81, 82, 87, 91, 93, 95, 125-127, 129, 131, 132

RIT Rochester Institute of Technology. 109, 110

S-K Stranski-Krastanov. 7, 32, 76, 101
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SC strain compensation. 11, 16, 32, 65, 76-79, 81, 82, 86-91, 93, 95, 101, 120
SCR space-charge region. 37, 44, 49, 96, 97, 99, 104, 107

SIMS secondary ion mass spectrometry. 34-36

SL superlattice. 13, 15, 34, 38, 47, 68, 76, 77, 79, 82, 88-91, 93, 101, 120, 148, 150
SMU source-measure unit. 23

SOA state-of-the-art. 102

SPENVIS SPace ENViorment Information System. 116

SR spectral responsivity. 28, 57, 75

SRH Shockley-Read-Hall. 31, 38, 40, 51, 69, 70, 73, 74, 95, 96, 119

TDFF third-derivative functional form. 26, 27, 54, 56, 154-156
TEM transmission electron microscopy. 83

TJ tunnel junction. 122, 123, 125-127, 129, 131, 132

UID unintentionally doped. 32, 68, 69, 101, 124
UV ultraviolet. 116

UV-VIS ultraviolet and visible. 134, 135

Vmax Voltage at the MPP. 99, 135

Voc open-circuit voltage. 27, 36, 38, 40, 42, 43, 51, 68-70, 73, 74, 76, 96, 99, 102, 104, 112, 118,

119, 135

VB valence band. 10, 12, 18, 21, 27, 31, 34, 47, 123

WKB Wentzel-Kramers-Brullouin. 123
WL wetting layer. 7,21,73,77, 81, 82, 87-89, 91, 101
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XRD X-ray diffraction. 34, 148
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