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Abstract

While it is widely appreciated that disorder is intricately related to observed sample-to-sample
variation in property values, outside of very specialized cases, analysis is often qualitative in nature.
One well-understood quantitative approach is based on the 1930s work of Bragg and Williams,
who established an order parameter S which ranges from unity in the case of a perfectly-ordered
structure, to zero in the case of a completely randomized lattice. Here, we demonstrate that
this order parameter is directly related to charge carrier mobility in undoped GaN. Extrapolating
experimental points yields a value of 1640 cm?/Vs for the maximum room temperature mobility in
stoichiometric material, with higher values potentially accessible for Ga-rich material. Additionally,
we present a model for observed trends in carrier concentration based on the occurrence of distinct
structural motifs, which underpin S. The result is an alternative perspective for the interplay
between lattice structure and charge carriers that enables a predictive model for tuning mobility

and carrier concentration in undoped material.
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Structural disorder impacts a wide range of semiconductor properties including the band
gap and the dynamics of charge carrier transport. However, despite its importance, the
full extent of the effect on sample-specific attributes is not well understood. From the
experimental side, this is often due to a qualitative approach to characterizing disorder in
samples, which yields largely general trends. From a theoretical perspective, atomic-level
disorder can pose challenges due to the complexity of accurately capturing the impact of
randomness within a lattice structure because of prohibitively large lattices that are not
computationally feasible. Additionally, disorder is often viewed as detrimental, and as such,
is typically the target of minimization efforts at the sample level —limiting the degrees of
disorder available for study in a particular material.

One method for quantifying the degree of disorder in a semiconductor is through the
Bragg-Williams parameter, S, which measures the degree of structural disorder in a lattice
arising from antisite defects [1-3]. We note that while the Bragg-Williams order parameter
was developed using binary alloys, it applies without loss of generality to any lattice-based
material with one or more constituents [4, 5]. For a given sample of a binary material with
elements A and B, S = r4+rg — 1, where 74 is the fraction of A atoms occupying A lattice
sites and r is the fraction of B atoms occupying B lattice sites [6]. An ordered lattice, where
each atom is on its expected lattice site, corresponds to S = 1; this can only occur when
there are equal percentages of the constitutive elements of the material, i.e. x = 0.5, where x
describes the proportion of the various constituents in the material. A completely disordered
lattice, corresponding to atoms of each element in the material randomly distributed across
the lattice sites, yields S = 0. We note that this model can be extended beyond antisite
defects to include other types of defects [7], which may also be present in non-stoichiometric
layers.

In addition to measuring the degree of disorder in lattices, this framework can also be
used to predict relationships between S and material properties. For example, it can be
shown that for properties dominated by pair-wise interaction, the value of property P(z,5)
is given by [8, 9]

P(z,S) = [P(0.5,1) — P(x,0)]S* + P(z,0) (1)
Consequently, for any property satisfying the necessary interaction conditions, we expect a

linear relationship between the property and S? for a fixed composition z.

S also provides a pathway to physically understanding the relationship between disorder
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Figure 1. The fractional abundance of each of the 10 possible structural motifs that can occur in
GaN as a function of S, at a composition of Ga:N of 1:1. Inset: The graphical representation of the
motifs, with Ga atoms represented by blue circles and N atoms with yellow; atoms on the incorrect
site are highlighted with a red circle. Thus, GaN4 (0) denotes the basis or fundamental motif,
which is the only motif present in samples with .S = 1. The number in parentheses represents the

number of antisite defects characterizing the motif.

and material properties through the lens of structural motifs, which is one means of describ-
ing the nearest-neighbor environment of an atom in a material. For a given material system,
a set of structural motifs can be defined to account for all possible nearest-neighbor environ-
ments that may occur, and the probability of occurrence of each motif can be expressed as a
function of S, as illustrated in Fig. 1 for the set of motifs that apply to GaN. In a perfectly
ordered (S = 1) sample, there is only one set of motifs—the basis motif(s); as varying degrees
of disorder are introduced, either by antisite defects or changes in composition, other motif
types begin to occur in specific amounts dictated by S. These structural motifs provide a
means for physically understanding the effect of disorder on material properties through the

impact that differing percentages of each motif type will have on material properties.

In this report, we describe the application of such an approach to measuring structural
disorder of undoped GaN samples in order to investigate the relationships between S and
both the mobility and carrier concentration, and to provide a possible explanation of ob-

served trends using the set of antisite disorder structural motifs.

GaN films were grown via plasma-assisted molecular beam epitaxy (PAMBE) in a modi-
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Figure 2. Examples of S measurement using SEM and AFM images, with fitted pixel intensity
histograms of an (a) SEM image and (b) AFM image of a PAMBE-grown GaN sample. The light
blue curve is the fitted curve for the pixel intensities associated with ordered regions of the sample,
and the green curve is the fitted curve for the pixel intensities associated with the disordered regions
of the sample. For the SEM and AFM images, the determined threshold and S? values were 49

pixels, 0.714 and 96 pixels, 0.716, respectively.

fied 430 Perkin-Elmer system with a base pressure of 5 x 107! Torr. Ga flux was provided
by an e-Science 85 cm?® thermal effusion cell. Active nitrogen was provided from an Ox-
ford Applied Research HD-25 RF plasma source and substrates included ytrria-stabilized
zirconium, GaN templates, and sapphire. Additionally, we have analyzed published data
for undoped GaN films grown by metalorganic vapor phase epitaxy [10], PAMBE [11-18],
metalorganic chemical vapor deposition [19-23], chemical co-precipitation [24], electron cy-
clotron resonance PAMBE [25, 26], sputtering [27], hydride vapor phase epitaxy [28], and

reactive closed space sublimation [29].

S can be measured through a variety of different experimental techniques, including x-ray
diffraction [6], reflection high energy electron diffraction (RHEED), Raman spectroscopy
and electron microscopy [8, 9]. For this study, scanning electron microscopy (SEM) was
primarily employed to measure S values; an example of the S measurement process is shown
in Fig. 2a. Additionally, some S? values were obtained from atomic force microscopy, to
which we have recently extended the S? measurement methodology; the process is similar
to measuring S from SEM. The pixel intensity histogram of the AFM image is fitted with
two curves, one corresponding to ordered regions and the other due to disordered regions of
the sample; an example analysis for an AFM image of a GaN sample is shown in Fig. 2b.
This methodology has proven robust and has excellent agreement with S measured from

SEM images where both AFM and SEM measurements are available for a sample. While
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both SEM and AFM are surface sensitive, we have previously shown that surface sensitive
techniques (e.g. RHEED) provide robust measurements of the S-value for a sample in good
agreement with techniques that are not surface-limited, such as x-ray diffraction and Raman
spectroscopy [8, 9].

All mobilities of samples measured in this study are room-temperature (RT) Hall effect
mobilities. To assist in identifying linear trends between S and the mobility, we consider the
general mobility equation p = et./m*, where e is the elementary charge, ¢. is the average
time between collisions, and m* is the effective mass of the charge carrier. This equation
holds for both electrons and holes, with the difference being that holes will have a negative
effective mass and thus a negative mobility. For the purposes of this discussion, we quote
values for hole mobilities as negative and electron mobilities as positive.

It can be shown that the effective mass tensor is strongly dependent upon the charge
distribution within the lattice. Starting from the perturbation approach for the effective
mass tensor, we include a term for the lattice potential, U(k + ¢) in the expansion for
Hiry, Hppr = %(%V +k +q)* + U(k + q). Performing a Taylor series expansion for
the lattice potential and keeping only linear and quadratic terms, we may write H, 1, =

Hy, + ;71 ( V+k)+2¢*+ VU -q+q” Hq. This, along with using the Poisson equation

in k-space to represent the lattice potential as charge density U(k) = k2

following expression for the inverse effective mass tensor:
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Thus, given the dependence o ok,

portional to the charge distribution on the lattice.

Figure 3a shows the experimental relationship between Hall effect mobility and measured
S? for a set of 49 GaN samples representing 5 different Ga:N ratios. There is a separate linear
trend with a different slope and intercept for each composition; however, all linear trends

share the same S = 1 point. This endpoint, with a mobility of -728 cm?/(Vs) determined by
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Figure 3. a) Room temperature mobility of GaN as a function of S? for 5 different compositions:
two N-rich compositions (yellow), an equal composition of N and Ga (green), and two Ga-rich
compositions (blue). The fitted linear trends extrapolate to the same value at S = 1, (black square).
The dashed portions of the linear fits represent S? values not accessible for those compositions.
Inset highlights points clustered in the upper range of S? values. The open points represent films
analyzed from the literature: orange, yellow and blue squares [20]; yellow triangles [29]; yellow
and blue circles [27]; green and blue diamonds [15]; green pentagons [13]; green and light blue
'x’s [12]; green triangles [28]; green circles [11]; light blue and blue triangle [19]; light blue and
blue inverted triangles [10]; light blue and blue pentagon [14]; blue plus sign [25]; yellow and blue
asterisks [30]; green and dark yellow plus signs [31, 32]; green and dark yellow squares [17]; green
'x’s [18]; green, light and dark blue asterisks [26]; dark blue 'x’ [22]; light blue diamond [24]; light
blue square [16]; light and dark yellow pentagon [21]; green solid pentagon [23]. Data organized by
reference is available online [33]. b) The total fractional abundance (and concentration) of Ga-rich
motifs in GaN as a function of S? for three different compositions: an N-rich composition (dashed
and dotted yellow), an equal composition of N and Ga (solid green), and a Ga-rich composition
(dashed blue). Inset are the set of Ga-rich motifs. We note it is somewhat of an open question as
to what an existence range might be for non-stoichiometric compounds, as pointed out by Libowitz
[34], who also noted that wide compositional variations can occur at elevated temperatures—which

generally leads to a reduction in S.

extrapolation from the three fitted linear trend lines, provides an explanation for reports of

p-type conductivity in highly ordered undoped GaN (zero antisite defects and precisely 1:1
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Ga:N composition), as well as for samples with S? values greater than approximately 0.5 to
0.7 for GaN at the off-stoichiometric compositions shown [15, 31, 35]. Overall, the trends
demonstrate that with increasing Ga concentration, the mobility of n-type (undoped) GaN
increases with increasing disorder, while the mobility of p-type (undoped) GaN increases
with decreasing disorder. More specifically, these results indicate it may be possible to
increase the mobility of undoped n-type GaN beyond the current highest reported values,
which lie between 1100 and 1300 cm?/(Vs) [13, 28, 36], by decreasing S towards 0; for
example in the case of a Ga:N ratio of 1:1 the predicted S = 0 mobility from the fitted trend
line is 1640 cm?/(Vs).

The trends for the mobility of undoped GaN follow the changes in structural motif with
composition and degree of disorder. With increasing disorder and increasing Ga concen-
tration, the percentage of Ga-rich motifs increases, as shown in Fig. 3b. Ga-rich motifs
are positively charged and thus contribute to a reduced effective mass for electrons mov-
ing through the material, corresponding to an increased n-type mobility. Conversely, as S?
increases and the Ga concentration decreases, the percentage of Ga-rich motifs decreases—
stated another way, the percentage of N-rich motifs will increase. N-rich motifs are negatively
charged; thus, when dominating a sample, they will lead to a negative effective mass for elec-
trons, resulting in p-type conductivity and increasing carrier mobility as the percentage of
N-rich motifs present in the sample increases. Trends in carrier transport properties in GaN
are commonly attributed to defects more energetically favorable than antisites, such as Ga-
vacancies, as determined by first principles calculations for well-ordered GaN [7]. However,
while these results for well-ordered GaN can provide useful insights for disordered GaN,
well-ordered lattices differ from disordered ones, especially in regard to band structure [37]
and by extension the defect properties that are dependent on the Fermi level, conduction
band edge, or relative location of the defect energy levels. Thus, the carrier transport prop-
erties in disordered GaN represent open questions worth pursuing, and Fig. 3 suggests that
both energy and entropy should be considered for disordered GaN.

Another key characteristic of semiconductors closely related to the mobility is the carrier
concentration. Figure 4 shows the carrier concentration as a function of S for each of the
samples from the 6 compositions of GaN in Fig 3a. While there appears to be no linear
relationship between S? and the carrier concentration as observed for the mobility, the carrier

concentrations do appear to correlate to the percentages of motifs as dictated by x and S.
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Figure 4. Carrier concentration of GaN samples as a function of S for 5 different compositions:
(a) Ga=0.5, N=0.5; (b) Ga=0.4,N=0.6; (c¢) Ga=0.38, N=0.62; (d)Ga=0.54, N=0.46,(e) Ga=0.56,
N=0.44. Also shown is the corresponding motif that best fits the data for the given composition
(inset). The open points represent films analyzed from the literature: orange, yellow and blue
squares [20]; yellow triangles [29]; yellow and blue circles [27]; green and blue diamonds [15]; green
pentagons [13]; green triangles [28]; green and light blue 'x’s [12]; green circles [11]; light blue and
blue triangle [19]; light blue and blue inverted triangles [10]; light blue and blue pentagon [14];
blue plus sign [25]; yellow and blue asterisks [30]; green and dark yellow plus signs [31, 32|, green
and dark yellow squares [17], green 'x’ [18], green, light and dark blue asterisks [26], dark blue
x’ [22], light blue diamond [24], light blue square [16], light and dark yellow pentagon [21], green

solid pentagon [23]. Data organized by reference is available online [33].

To determine which motif or combination of motifs best correlates to the data, each of the
512 possible combinations of the 9 non-basis motifs were fit to the carrier concentrations for
each composition (the basis motif was excluded since it has no net charge). The resulting
best fits are shown in Figs. 4a-e with the corresponding motif inset in each plot. The best
overall fits were selected using standard criteria for a best-subset selection methodology,
where the best overall fit among all the possible combinations is the one with the smallest
number of variables for which fits with higher number of variables offer no meaningful
improvement in the adjusted residual sum of squares value. The trend that emerges from
the fits across all the compositions is that the motifs which best fit the experimental data

are all N-dominated motifs, and from all the possible combinations of motifs considered,



the best fit was always a single motif and not a combination of motifs. While additional
data points across a wider range of S values are needed to provide more robust conclusions,
these results suggest that the largest contributors of carriers in undoped GaN are specific
N-dominated motifs. At N-heavy compositions (Fig. 4b and c) this motif is GagN3(3), while
for Ga~heavy concentrations as well as compositions with equal amounts of Ga and N (Fig.
4a,d, and e) it is the N5(1) motif.

These motifs dominate the carrier concentrations at the indicated ranges most likely due
to their relative percentages at the respective compositions. GasNj3(3), due to its three
antisite constituents—two of which are Ga atoms on N-sites—will be more abundant at
higher degrees of disorder and at compositions with higher nitrogen concentrations where
the fraction of Ga atoms on the correct lattice sites will be the smallest. Likewise, N5(1), due
to its one nitrogen antisite constituent, is more likely to occur at lower degrees of disorder
and at compositions with more Ga, since it requires only 1 N atom to be out of place.
However, further study is required to better understand why specific motifs dominant the
contributions to the overall carrier concentration.

The mobility of undoped GaN has been experimentally demonstrated to exhibit a lin-
ear relationship with S?, the squared Bragg-Williams order parameter, as expected for a
property dominated by pair-wise interactions. Additionally, the carrier concentration was
shown to have a direct dependence on the occurrence of specific motifs at given Ga:N ratios.
Thus, tuning both the mobility and carrier concentration of undoped GaN through disorder
is possible; further, the methodology provides an additional means of determining the full
range of achievable mobility values for this semiconductor. However, it is important to keep
in mind that while disorder may tune the mobility and carrier concentration of GaN, it will
also tune other material properties, such as the band gap, simultaneously. The results also
suggest that mobility in general maybe viewed as a pair-wise dominated property and thus

other semiconductors may exhibit a linear relationship between charge carrier mobility and
S2.
SUPPLEMENTARY MATERIAL

See the supplementary material for the experimentally observed temperature dependence

of S% in a GaN sample as well as a comparison of S? values calculated from different exper-



imental techniques for 15 different GaN samples.
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