Problem 4.1)

a)

Goldstone theorem states that a broken continuous symmetry in presence of short
range interactions results in collective mode of excitations that has no gap, which

means the energy dispersion curve remains continuous even at 0 energy.

A typical classical example would be acoustic phonon because continuous rotational

symmetry is broken during the formation of crystal.

w(k) optical
acoustic
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Problem 4.1)
¢) According to the structure factor equation for 1D perfect lattice.
. 2.Na
P D
Q) =g —ad_
N sin2(5h
We can plot the structure factor by Mathematica.

This is the plot of N=10 atoms.
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If we zoom in, the following figure, we can see there are 10 peaks in between

maximum peaks. And the maximum peak value is 10.
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Then | made the plot of N=100.
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If we zoon in for 0 < qa < 2m, we can see the small satellite peaks in between.
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® To prove the structure factor’s maximum value, we need to observe the
behavior of the sine function.
First, when 52‘—1 = nm, “n” is an integer, the function sin(gz‘l) goes to zero. But

A A ; . Na
the structure is not divergent since sm(—Eﬂ) also has zero value.

. .Naq

To get the value of _(iT))' we need L' Hospital’s rule.
2

sin(:



U Hospital’s Rule
Suppose f(c) = g(c) = 0, and g'(x) #0.
fx) . f®)
I o limi=L
T
Therefore, we have

sin E_g_q) Ncos(y-zcﬂ) N
m = =
. ipenye: b i

1
S(Q=0)=NXN2=N

Hence, we proved that the maximum value is “N” for structure factor.

Now we prove that there are N peaks in between two maximum peaks.
Effectively, each peak lies in between two consecutive minimum.

Therefore, we can calculate peak number based on the number of minimum

points in between 0 and 27.

When the function has zero values, it means sin? (ﬁ'_g_g) = 0.

N .
7 X qa = nm,where n = integers
2= 2nn
M@=y

Itis obviousthat n=0,1,2,3,...,N, then ga = 0 — 2m. So the total satellite
peaks including the two maximum peaks is exactly “N”.
Or we can argue this problem in another way, looking how many maximum

values for qa in between 0 and 2. Basically, it's the same problem.



Problem 4.1)
d) Now we need to remove three atoms randomly in the 1D lattice. The 1D lattice

can be viewed as following.

O e —© >

Site0 Sitel Site2

| chose to remove the site 2,5 and 8 atoms. If we look at the original structure factor
equation instead of the calculated form in problem 4.1c. The form is easier to

understand. This is the original structure factor without vacancies.
N-1 2

1 )
Z giana

S =5
n=0

If we want to add vacancies, we can just plug in the minus lattice site term in the

above expression.

N-1 2
S(q) — _]; _eziqa_BSiqa_eaiqna 3 Z eiqna
N
n=0
So we can make the plot for N=10.
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This maximum peaks’ intensities are decreased. If we calculated the peaks in

between the two maximum peaks, there are still 10 peaks.



For N=100, | chose site 2, 50, 77 to be vacancies.

1 N—1 2
S(q) - _ﬁ __eziqa__esoiqa_e'??iqna %8 Z eiqna
n=0
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| would say that diffraction experiment is a good tool to determine the crystal quality
of a semiconductor. From these calculations, we can see that as long as there are
vacancies in the crystal, the diffraction peaks’ intensity decreased. But | wouldn’t say
it’s good for determining exact number of vacancies in the crystal. It is only suitable
to compare two identical crystals’ quality. The one with higher diffraction peaks has

better crystal quality, which means less vacancies here.
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Problem 4.2)

d)

First, we can plot the similar figure with the 1D lattice structure.
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Although the 1D lattice model is not correct for Al, we can capture the main
characteristics of the measurement data.
The q vector is the reciprocal lattice vector. In 3D system, it can be written as
following form.

q = hby + kb, + 1b
h,k,| are the Miller index. b4, b, and b3 are the reciprocal lattice vectors.

2T

When we change the injection angle of X-Ray, we are observing different planes of
the crystal. When the crystal plane’s Miller index is larger, the Debye Waller factor

will decrease.

—kgTq?
S@T) = ST = 0)e Mot

—kgTq?

ht1,qte Mo |,85(q,T)!

This characteristic is shown in the figure. (10, 0, 0) has the smallest value.
As the temperature increases, the exponential factor will decrease further, too. The

structure factor will decrease accordingly.



The figure above is calculated by the first maximum peak’s intensity. If we make plots
of structure factor for different temperature, we can see the peak intensity

decreasing as q value increases, which is the same thing for increasing Miller index

discussed here.
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The blue line is structure factor for zero K. Orange dashed line is structure factor for
100K. Red line is structure factor for 200K. The horizontal axis is the g vector.

As we increase Miller index, q vector value increases, which means moving along
positive x direction in the plot. We can there is a drop in the peak intensity as q
increasing. In addition, the peak intensity decreases as the temperature rises. Both

observations are consistent with the provided plot in the problem.
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This is a zoom in image of the above diagram. The satellite peaks are also decreasing.



Problem 4.2)

e)

If we want to utilize the temperature dependence of structure factor, the best
scenario is that the intensity variation is large when temperature changes.

From Debye Waller factor, we can analyze the problem.

~kgTq?
$(q,T) xe Mg

In order to have large variations, we can chcose materials with smaller mass or
smaller resonant frequency.

The other strategy would be using large Miller’s index peaks as reference. This is
similar to our argument in the previous problem. Large Miller’s index corresponds to

larger q value, and this makes exponential term more sensitive to temperature.



Problem 4.3)

a)

If we want to generate the fig. 3, we need to first determine the strain energy
dependence on the composition as the fig 2.

To generate this plot, we need to consider the microscopic strain and bending
energies of different configuration. The total microscopic energy can be written

according to Chapter 4 of Taso’s book. For Type 2 configuration, we can write down

as followi
2
3 V3 z 3 V3 z 1
7 %6ass |7~ Ave = Agaas,o + —ﬁ B 7 %Gaas | Ave ~ dgaaso + T
3 /3 z1
t 7 Finas 'Z' ayc = Anas,o Nl
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If we want to calculate different configuration, we just change the alpha, beta
constants, and the equilibrium bond length. Red box terms correspond “In” atom
position. Blue box terms correspond to “Ga” atom position.

To find each configuration’s equilibrium energies, we can take derivative of z to the

strain energy.



0z
We will find an equilibrium value of z, then substitute this value into total strain
energy equation. We have the strain energy of each configuration.
Note that ayc = (1 — X)@as + XAgqas, Which is the virtual crystal approximation.
Now we can make strain energy plot.
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“ui” is the total strain energy of configuration “i”. From this diagram, we can see that
the strain energy is composition dependent.
For completely random atom distribution, the plot is very easy.

a;x* (1 = x)*

configuration.

win
I

This is the proportion of
To get the Fig 3. in the paper, we need to consider the strain energy into free energy
and use Lagrange multiplier to get the equilibrium distribution of each configuration.
Basically, we have to solve Eq. 12 in the paper.
(1 = not* + (3 —4x)n,t3 + (3 — 6x)n,t% + (1 — 4x)nst* —xn, =0
= -
where 7; = e*8T and t = e**BT. “¢;” is the strain energy of ith configuration. “b” is
a constant to be solved in the equation. For simplicity, | solved “t” in the equation
instead of “b” since it’s too complicated to solve “b” directly. Since it is a forth order
equation, there will be four solutions. But there is only one solution can give us the
final result. After solving “t”, we can get the ratio of each configurations as following.
a;q; = agen;t*!
“c” is a normalization constant calculated by ¢~ = ¥ 7; t*"a;. If we solve all the

parameters above, we can draw the diagrams in the paper.
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Each sub-index in the plot means the ith configuration. So the figure tells us that for
type 1,2,3 when temperature increases, the ratio of each configuration increases.
While for type 0 and 4, the trend is opposite.

For the order parameter, | used the equation 14 in the paper.

. G1t2qp+4q3
it x(1-x)

However, the results of my calculation seems a little bit different from the paper’s

results.

Order Parameter 8
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Blue line corresponds to T=500K. Orange corresponds to T=1000K. Green
corresponds to T=2000K. At very low x and very high x, order parameters seem to
have positive values, indicating the alloy tends to form cluster at these compositions.

| will discuss why there is a discrepancy here later.



For Fig 5, | split it into two figures for convenience. These are the results for
composition x=0.5, which means for IngysGagsAs. The only difference for these two

plots is that it is assumed for fixed composition x.
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We can see from the top diagram. When temperature increases, type 2 configuration
starts decreasing, while type 1,3 and 0,4 are both increasing. As the temperature
reaches very high value, the alloy tends to form cluster instead of having short-range
ordering.

Now | discussed about why there is a little discrepancy in the order parameter plot.
The primary reason comes from the strain energy. When | am using the equation in
Taso’s chapter, the total strain energy has already been simplified. The total energy’s
dependence on position of As in the tetrahedron, which is z, has only considered up
to the second order. That’s why the strain energy dependence on composition x is
not completely resembles paper’s results. And this later make an influence on the

order parameter plot.



Problem 4.3)
b)

The primary point in this paper is that lil-V ternary alloys tend to have short
range order instead of clustering. Traditionally, when we are discussing the IlI-V alloy,
we used the virtual crystal approximation or assumed the atom positions are
completely random. But experimentally, there are reports saying that there is short-
range order.

The enthalpy of traditional strain energies is based on virtual crystal
approximation, which is four times larger than the experimental values. To get a
more accurate results, we can use different tetrahedron configurations to calculate
the strain energies and then plug into the enthalpy. And we have to take both bond-
length deviation and bond angle distortion into strain energy calculations.

Entropy is the primary difference for this configuration method. The strain
energy is stored in the bonds between the nearest atom’s bond. Writing down the
free energy and Lagrange multiplier can give us the equilibrium configuration ratio.
From Fig3, we can see that there is an ordering occurs when temperature increases.
Take x=0.5 for instance. We can see type2 ratio is slightly increased, while type 0 and

4 decreases.

RATIO GDCELL
o

b7,
<X |
0.5
COMPOSITION x
FIG. 3. Fractional values of five tetrahedron cells Broken line: random
arrangement. Solid bne: at 7= 1000 K for In, ., Ga, As.

From the order parameter plot, we can see that as we increase the
temperature, the parameter goes to negative value, which means there is ordering
when temperature is increasing.

Alloy tends to order at low temperature since the entropy contribution is very
small in the free energy. Enthalpy dominates and tends to have more order to

minimize the energy. As temperature increases, the order becomes little. Basically,



for all the alloys between two composite binary compounds, the order parameter is
negative, which means they tend to have short range order.

From all these results, they concluded if there compositional fluctuation in the
alloy, it will be suppressed in equilibrium state since fluctuation has larger strain
energy. And the short range ordering is preferred instead of clustering.



c)

Since tuning these alloy’s composition can result in bandgap offset, a lot of
research utilized these features to create optical devices. Using these alloys,
researcher can create quantum wells in the growing process. Like the discussion in
the class before, quantum well structure can enhance the carrier recombination
(joint density of states). Either interband or intersubband optical devices had been
developed based on these materials.

Here | found on the semiconductor today’s example is quantum cascade laser
(QCL). The first QCL experiment is conducted by Jerome Faist, Federico Capasso and
the well-known co-inventer of MBE Alfred Cho in 1994. The first QCL was based
AllnAs/GalnAs QWs on InP substrate. Within 20 years, QCL has been improved from
cryogenic temperature to room temperature operation, and can reach power as high
as Watt level.

The article is published at Applied Physics Letter, “High power Sb-free quantum
cascade laser emitting at 3.3um above 350K”, written by A. Bismuto, M. Beck and J.
Faist. Their device active region consists of Ing;,Gag 284S, Ings,Alg4gAs and
AlAs quantum well structures. Their uniqueness is that usually QCL's emission
wavelength under 3.6pum needs to incorporate Sb into the structure, but this
material is not allowed for commercial users. Their new design can achieve
comparable output power with Sb-based QCL. Generally, in order to make high
efficiency QCL, researcher needs to design the injection and extraction superlattices
in the device, here they used bound to continuum design. Composite binary alloys
are suitable for this kind of application. They can achieve low threshold current of

3.6kA/cm? and slope efficiency of 600mW/A. And the laser can work at room

temperature.
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Right hand side is their active region design. Left hand side is the Power vs current

curve.
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4.1c: Structure factor for a linear crystal with N = 100.
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C. This paper discussed I1I-V ternary alloys in general, but used InGaAs for all of the examples.
From 'Semiconductor Today,' examples of recent applications of InGaAs that people are interested in
include quantum wells for quantum information processing, high speed photodetectors, and high
quality MOSFETs. In each of these InGaAs is the active material, and therefore understanding the
microscopic ordering and the effect of strain is important to optimize the material for applications.

At the end of 2015 Bechtold et al (Nature Physics, 11, 1005-1008 (2015)) used InGaAs
quantum dots on GaAs to study trapped single electrons, and in particular the mechanisms of loss of
quantum information. One of the mechanisms they identified, in fact, was strain that creates electric
fields on a microscopic scale. By using a (strong) magnetic field, they were able to reduce the effect of
this and other loss mechanisms, and increase the lifetime of quantum information. They present this
research as a step towards InGaAs-based quantum computers.

Near the middle of 2015, Semiconductor Today reported that Marktech launched a high speed
photodetector using InGaAs. The photodetectors operate from 0.9-1.7 um, which is good for optical
communications. They claim that the photodetectors can support high data rates and low dark current,
increasing the signal to noise ratio.

Finally, at the beginning of 2015 Kim et al (IEEE Electron Device Letters, (2015))
demonstrated an InGaAs MOSFET with a good sub-threshold swing, transconductance, and on-current.
The device was made with InGaAs and InP, with an InGaAs channel. The devices were grown with
MBE.
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Figure 3: Ratio of cell as a function of composition. The solid line is calculated taking into account

strain energy and entropy at 1000 K, the dashed line is calculated assuming the atoms are distributed at
random.
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Figure 4: Order parameter as a function of composition. From top to bottom, the lines are calculated for
2000 K, 1000K, and 500 K.
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Figure 5: Order parameter and ratio of cell as a function of temperature, for x = 0.5. The dotted line is
the order parameter and the solid lines are the ratio of cell for each type of cell.
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randomgs = Plot{{(1-x) "4, 4+x%* (1-%)"3, 6%x"2+(1-x)"2,4%xx"3%x(1-x), x4},
{x, 0, 1}, PlotRange - All, PlotLegends -» {"Random"}, AxesLabel -
{"Fraction of atom B", "Ratio of Cell"}, PlotStyle - { {Black, Dashed}}]
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Solve([4.614 xLog[x] -x == 0, x]
{{x->1.33576}, {x->11.1097}}

aGaAs = 41.19;

BGahAs = 8.95;

aInAs = 35.18;

BInAs = 5.50; aGaAs = 5.6533»"-10;

aInAs = 6.0584%"-10; dGaAs0 = '\]3 /4 % aGaAs; dInAsO = '\,/3 /4 *alnAs;
avC[x_] := ((x) ~aGaAs + (1 - x) »alnAs);
thetaT = 2 » Arc‘ran['\lz IE

dGaAs3 [x_] := ((aVC[x] /4-23)"2+avC([x] "2/8) ~0.5;
dInAs3[x_] := ((aVC([x] /4 +23) “2+avC[x]"2/8)~0.5;
cosGaAsGa3[x_] := (aVC[x]~2/2-2+dGaAs3[x]"2) /(2 +dGars3[x]"2);
cosInAsIn3[x_] := (aVC{x]~2/2-2+dInAs3[x]"2) /(2 «dInAs3[x]"2);
alttetstrain5050([x_] := 3/ 4 » aGaAs » (dGaAs3 [x] ~2 - dGaAs0"~2) "2 /dGars0"2 +
3/4+alnAs « (dInAs3(x] 2 -dInAs0~2)*2 /dInAs0"2+3 /4 » BGaAs «
(dGaAs3 [%x] *2 » cosGaRAsGa3 [x] “2 - dGaAs0 " 2 x Cos [thetaT] “2) “2/dGaAsO‘2 +3/4%*
BINAS » (dInAs3 [%] “2 x cosInASIn3[x] "2 - dAInAs0 "2 » Cos [thetaT]} “2) ~2 /dlnAsO"Z;

tetstrain5050solver([x_] :=
alttetstrain5050([x] /. FindRoot [D[alttetstrain5050(x], 23], {23, 0}]([1]]

tetstrainl000([x_] := 3 /2 » aGahs * (3 / 16 »aVC[x] "2 - dGaAs0"2) “2 / dGaAs0 " 2;

tetstrain0100(x_) :=3/2+aInAs « (3 /16 «avC[x] "2 -dInAs0"2) "2 /dInAs0"2;
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wee)- uStr2575[x_] := 9/ 8 «aInAs + (dInAs[x] "2 -dInAs0"2)~2/dInAs0"2 +
3/8+aGaAs » (dGahs [x] "2 - dGaks0"2) 2 /dGaAs0"2;

dInAs([x_] :=\/(aVC[x] /Z*Vm) ~“2+ (aVC[x] /4/‘\/3—+zl) ~“2;

dGaAs[x_] := «/3_/4 *avC[x] - z1;
thetaT = 2 » Arc!l‘an['\/? B

tetredge([x_] := aVC[x]/\/Z_;
ubnd2575([x_] :=9/4 » (fGaAs + BInAs) / 2 «
(d1nAs[x] » dGaAs [x] * cosGaAsIn[x] "2 - dInAsO » dGaAs0 « Cos [thetaT] 2)~2 /ainaso/
dGaAs0+9 /4 »BInAs
(d1nAs[x] *2 * cosInAsIn[x] “2 - dInAsO~2 » Cos [thetaT] * 2)~2 /dinas0~2;
tetstrain2575([x_] := ustr2575([x] + ubnd2575[x];
cosGaAsIn(x_] :=

(tetredge[x] ~2 -dGaAs([x] “2 - dInAs[x] "2) / (2 »dGaAs [x] *dInAs(x]);
cosInAsIn[x_] := (tetredge[x]"*2-2+dInAs[x]"2) /(2 +dInAs[x] ~2);
tetstrain2575solver(x_] :=

tetstrain2575(x] /. FindRoot [D{tetstrain2575(x], z1], {z1, 0}][[1]];

ustr7525(x_] := 3 /8 «aInhs « (dInAs2([x] "2 - dInAs0~2) ~2/dInAS0"2 +
9 /8 + aGahs » (dGaAs2[x] “2 - dGaAs0"2) ~2 / dGaAs0 " 2;

dGans2[x_] :=\/(avc[x] /2*«/m)*2+ (aVC[x] /4/‘\/3_+22) ~2;

dInAs2(x_] := \/3'/4 +ave[x] - z2;

tetredge(x_] := aVC[x]/'\/?;
ubnd7525([x_] :=9/4 » (fGaAs + BInAs) /2 *
(aInAs2[x] + dGaAs2[x] * cosGaAsINn2[x] "2 - AInAsO + dGaAsO * Cos [thetaT] ~ 2)~2/
dInAsO/dGaRs0 + 9 / 4 « BGaAs »
(aGaAs2[x] ~2 » cosGaAsGa2[x] * 2 - dGaAs0 " 2 » Cos [thetaT] ~ 2) ~2 /aGans0"2;

tetstrain7525[x_] := ustr7525[x] + ubnd7525(x];
cosGaAsIn2[x_] :=

(tetredge[x] “2 - dGaAs2[x] *2 - dInAs2 [x] ~2) / (2 +dGaAs2[x] » dInAs2(x]);
cosGaAsGa2(x_] := (tetredge[x] ~2-2+»dGaAs2[x] "2) / (2 » dGaAs2 [x] "2) ;
tetstrain7525solver([x_] :=

tetstrain7525([x] /. FindRoot [D[tetstrain7525[x], z2], {22, 0}][[1]];
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pl= Plot[6.02*“23/4186 + tetstrain0100(x], {x, O, 1}, PlotRange =+ {{0, 1}, {0, 15}},
AxesLabel - ("Composition x", "Strain Energy (kcal/mol) "}];
P2 = Plot[6.02+"23 /4186 « tetstrain2575solver[x],
{x, 0, 1}, PlotRange » {{0, 1}, (0, 15}}];
p3 = Plot[6.02+"23 /4186 + tetstrain5050solver[x],
{x, 0, 1}, PlotRange - {{0, 1}, {0, 15}}];
p5 = Plot[6.02+°23 /4186 « tetstrainl000(x], {x, 0, 1}, PlotRange - {{0, 1}, {0, 15}}];
p4 = Plot[6.024"23 /4186 % tetstrain7525solver([x],
{x, 0, 1), PlotRange - {{0, 1}, {0, 15}}];
Show([{pl, p2, p3, p4, pP5}]
Strain Energy (kcal/mol) F" Z
s ‘ 3 @V@‘W\
12 ’

10

tsolver(x_, temp_] :=
t /. Solve[{(1-x) +E" (-tetstrainl000([x] / (1.38*‘—23) /temp) xt"4+
(3-4+x) +E~ (-tetstrain7525solver(x] / (1.38+%-23) /temp) xt"3 +
(3-6x) »E" (-tetstrain5050solver(x] / (1.38+4%-23) /temp) xt"2+
(1-4+x) «E"~ (-tetstrain2575solver[x] / {1.38+~-23) /temp) »t -
x+E" (-tetstrain0100(x] / (1.38%"-23) /temp) =0, £ >0}, ] [[1]];

constant [x_, temp_] :=
(B~ (-tetstrain1000[x] / (1.38+"-23) / temp) « tsolver(x, temp] “4+
E~ (-tetstrain7525solver([x] / (1.38+%-23) /temp)  tsolver[x, temp] "3+ 4+
E~ (-tetstrain5050solver [x] / (1.38+"-23) /temp) « tsolver[x, temp] "2+ 6+
E® (-tetstrain2575501ver[x] / (1.38*"-23) /temp) * tsolver([x, temp] 4 +
E~ (-tetstrain0100(x] / (1.38+"-23) /temp)) ~-1;

qO([x_, temp_] 3=
constant [x, temp] »E” (-tetstrainl000[x] / (1.38+7-23) /temp) » tsolver[x, temp] "4;
gl[x_, temp_] := constant([x, temp]
E* (-tetstrain7525solver(x] / (1.38+"-23) / temp) » tsolver([x, temp] “3;
g2[x_, temp_] := constant[x, temp] *E” (-tetstrainSOSOsolver[x] / (1.38*“-23) /texnp) *
tsolver[x, temp] *2; .
q3[x_, temp_)] := constant [x, temp) » E” (- tetstrain2575solver [x] / (1.384+°-23) /temp) *
tsolver([x, temp];
q4(x_, temp_] := constant[x, temp] *xE" (-tetstrainOlOO[x] / (1.38*“-23) /temp);
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man- constant[x_, temp_] 3=
(E~ (-tetstrain1000(x]) / (1.38+"-23) /temp) « tsolver[x, temp] “4 +
E” (-tetstrain7525solver [x) / (2.38+~-23) /temp) » tsolver([x, temp] “3 +4 +
E~ (-tetstrain5050solver[x] / (1.38+"-23) /temp) « tsolver([x, temp] "2+ 6 +
E*~ (-tetstrain2575solver([x] / (1.38+"-23) /temp) + tsolver[x, temp] » 4 +
E~ (-tetstrain0100([x] / (1.38+~-23) /temp)) ~-1;

nsop- qO[x_, temp_] 2=
constant [x, temp] + E* (-tetstrainl000(x] / (1.38+"-23) /temp) » tsolver[x, temp] “4;

ql[x_, temp_] := constant[x, temp] »
E~ (-tetstrain7525solver(x] / (1.38+"-23) / temp) « tsolver(x, temp] *3;

q2[x_, temp_] := constant[x, temp] *E” (-tetstrainSOSOsolver[x] / (1.38*“-23) /temp) *
tsolver([x, temp] “2;

q3[x_, temp_] := constant[x, temp] « E"~ (-tetstrain2575solver(x] / (1.38+"-23) /temp) «
tsolver[x, temp];

q4[x_, temp_] := constant[x, temp] «+E" (-tetstrain0100(x) / (1.38+"-23) /temp);

wiz: weightedqs = Plot[
{q0[x, 1000], 4 « ql[x, 1000], 6 »q2[x, 1000}, 4 « g3 [x, 1000], q4[x, 1000]}, {x, O, 1},
PlotStyle - {{Black, Thick}}, PlotLegends » {"In(1l-x)Ga(x)As at 1000 K"}]
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The above graph shows the difference in distribution of tetrahedra types between random arrangement
of Type 0-4 tetrahedra and an actual material, in1.x Ga, As at 1000K. The real material shows more
preference for a given tetrahedra that matches its global composition compared to the random arrange-
ment. This is due to the differences in energies of the tetrahedra due to strain.

orderParam[x_, temp_] :=1- (ql(x, temp] + 2+ q2[x, temp] +q3[x, temp]) / x/ (1 -x);

fig4 = Plot[{orderParam[x, 500], ordexParam[x, 1000], orderParam[x, 2000]},
{x, 0, 1}, AxesLabel -» {"Composition x", "Order Parameter B"},
PlotLegends -» {"500 K", "1000 K", "2000 K"}, PlotRange - {{0, 1}, (-0.4, 0}})
Order Parameter 8
0.0 L —+_Composition x
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F\j 4 trm wv

oal £od & — 1000 K
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The above plot shows the difference in order parameter given temperature and composition. A more
negative order parameter represents more order in the structure. At lower temperatures, there is a
preference for more long range ordering of tetrahedra because at lower temperature enthalpy is more
important to lower the free energy. At higher temperatures increasing configurational entropy is more
important lower free energy so ordering is not as preferred. As the composition of the InGaAs mixture
approaches 50:50 the tetrahedra have more configurational coordination in order to lower the energy.

olist = Table[{10" (i/10), ordexParam[0.5, 10~ (i/10)]}, (i, 10, 50}];
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q2list = Table[{10~(i/10), 6 q2[0.5, 10" (i /10)]}, (i, 10, 50}];
qllist = Table[{10~ (i/10), 4 xq1[0.5, 10~ (i /10})]}, {4, 10, 50}];
qOlist = Table[{10~ (i/10), q0[0.5, 10~ (i /10)]}, (i, 10, 50}];
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The above plot shows the effect of temperature on order parameter and type of tetrahedra present in an
Ing.s Gag.s As compound. As seen in the previous figure, increasing temperature results in order parame-
ter approaching 0 due to the favoring of configurational entropy/randomness at high temperatures. At
low temperatures the Type 2 tetrahedra (50:50 split) are highly favored because they have the lowest
strain energy given the global composition. As temperature is increased, more randomness in the
tetrahedra composition can occur and other types of tetrahedra can exist. At very high temperatures,
the compound approaches the random approximation seen in the duplication of Figure 3. All tetrahe-
dras begin to occur based solely on configurational statistics rather than considering the strain energy of

the each tetrahedra.



