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Abstract

Recent experiments have validated prior theories of unusual high thermal conductivity ()
in boron arsenide (BAs) and revealed large x variation associated with extended and point defects
in the samples. The peak « provides valuable insights into the competition between intrinsic
phonon-phonon scattering processes and extrinsic boundary and defect scattering processes in BAs.
However, prior measurement methods have not been able to measure the peak x because of
fundamental and technical limitations. Here, we report peak x measurements of BAs crystals
synthesized under different conditions with source materials of different purities via a vapor

transport method. For three representative samples, the measured x peak appears at temperatures
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between 120 K and 150 K and varies from 410 + 60 Wm™K™ to 830 + 100 Wm™K*, The measured
thermal conductivities agree with theoretical calculations across the full temperature range. The
similar calculated and measured peak temperatures helps to narrow down the boundary scattering
mean free path to be around 4 um in two samples and 5 um in another, while the variation of the
peak magnitude reveals a one order of magnitude difference in the strength of point defect
scattering. The phonon-defect scattering behavior correlates well with the measured electronic
Raman scattering background, the impurity concentrations revealed by secondary ion mass
spectroscopy, and the Hall concentration and mobility of the p-type samples except for an
anomalously high hole concentration that appears in one sample, which indicates non-uniform
impurity distribution. The observed correlation clarifies the origins of extrinsic phonon scattering

mechanisms in BAs crystals.

I. INTRODUCTION

In an effort to find potential solutions to the mounting thermal management challenges in
microelectronics, much research has focused on carbon-based ultrahigh thermal conductivity (x)
materials including diamond [1,2] and graphitic materials [3-6], following the conventional
criteria requiring strongly-bonded light elements in a simple crystal structure to achieve high lattice
thermal conductivity (x1) [7]. Although diamond has exceptionally high x [8,9], the adoption of
diamond for thermal management has been hindered by the high synthesis cost and the large
coefficient of thermal expansion (CTE) mismatch with common semiconductors. Meanwhile, the
thermal management applications of graphite are limited by the highly anisotropic heat transport
and weak interlayer bonding [10]. In addition, the large and vanishing bandgaps of diamond and

graphite render them as an electrical insulator and semi-metal, respectively.



While the xvalues of common metals and semiconductor materials such as copper and
silicon have been reported to be much lower than those of diamond and graphite [11-14], a first
principles calculation has predicted a remarkable x of over 2000 Wm™K in cubic boron arsenide
(BAs) at room temperature considering only three-phonon scattering [15]. Calculations including
both three- and four-phonon scattering in BAs yield a room-temperature x of about 1400 Wm™ K-
Lin a subsequent work [16] and 1260 Wm™K™ in a later study [17]. The reduced value still sets
the high record among known semiconductors. Besides the ultrahigh «, several other properties of
BAs make it a promising candidate for thermal management in electronic devices, such as a better
CTE match with silicon and other I11-V semiconductors than diamond [18,19] and comparable
mechanical properties with other common semiconductors [20,21]. Furthermore, a recent first
principles calculation has predicted simultaneously high hole and electron mobilities (2110 cm?V-
s and 1400 cm?V-1s, respectively) in BAs at room temperature [22].

Earlier measurements on small and defective BAs crystals obtained « values below 400
Wm K1 [23-25]. With the improvement in synthesis techniques, time-domain thermoreflectance
(TDTR) and frequency-domain thermal reflectance (FDTR) methods have obtained a local room
temperature x of about 1000 Wm™K™? in BAs crystals with reduced defect concentrations
[17,26,27]. Moreover, steady-state thermal transport measurements yielded an average bulk x of
up to about 900 Wm™K™* in millimeter scale BAs samples [17]. The temperature (T) dependences
of these measurement results agree with the theoretical calculations that account for both three-
and four-phonon scattering processes and phonon-isotope scattering.

At high temperatures x decreases with increasing temperature due to increasing phonon-
phonon scattering, while at low temperatures x decreases with decreasing temperature because of

a reduced phonon specific heat and dominant extrinsic scattering processes compared to the weak



phonon-phonon scattering. Thus, a peak in x occurs, which appears well below room temperature
for high-x materials. Measuring the x peak is desirable since it contains valuable insight into the
competition between the intrinsic (phonon-phonon) and extrinsic (defects, boundaries) phonon
scattering mechanisms [28]. However, prior measurements on a number of ultrahigh-x materials
including BAs have not been able to measure the x peak [17,26,27]. Prior steady-state
measurements suffered from high contact thermal resistance between the thermocouple and sample
surface and decreased Seebeck coefficient of the thermocouple at low temperatures [17].
Meanwhile, TDTR probes thermal transport within a thermal penetration depth of several
micrometers. Phonons whose mean free paths (MFPSs) are longer than this traverse the temperature
gradient ballistically and contribute less to the x measured by TDTR than the intrinsic value in the
bulk crystal [29,30]. This behavior has been observed in the room-temperature x of BAs measured
by TDTR, which decreases considerably when the laser spot size was reduced to 2.7 um [26,27].
Theoretical studies found that phonons with MFPs longer than 1 um in BAs contribute to more
than 60% of the x at 300 K [17], and this percentage increases at decreased temperatures. As a
result, the TDTR probes could not resolve the x peak of BAS.

This work reports differential thin film resistance thermometry measurements of the x peak
of BAs crystals grown with a variation in the purities of the source materials and growth parameters.
For three representative samples, the x peak is observed at a similar temperature between 120 K
and 150 K despite the large variation of the peak magnitude from 410 + 60 Wm™K* to 830 + 100
WmK1. The measurement results are analyzed with first principles based calculations to quantify
a similar boundary scattering mean free path of about 4 or 5 um and a reduction in the impurity
scattering rates over an order of magnitude in a sample grown with purified boron source material.

The obtained phonon-impurity scattering strengths are in general agreement with the observed
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electronic Raman scattering background, silicon (Si) and carbon (C) signals in time-of-flight
secondary ion mass spectroscopy (TOF-SIMS), and measured Hall carrier concentration and
mobility. As an exception, the measured majority hole concentration in one sample is considerably
higher than the impurity concentration that produces the phonon scattering rates needed to match

the measured « data, indicating non-uniform impurity concentration in the sample.

1. EXPERIMENTAL METHODS

The three representative BAs crystal samples reported in this work are labelled as S1, S2
and S3. These BAs crystals were grown by two research groups using the chemical vapor transport
(CVT) method with iodine (I2) powder as the transport agent. For this growth method, the mixture
of boron (B) and arsenic (As) source powders was sealed in an evacuated quartz tube together with
a small amount of I,. The end of the quartz tube containing the source materials was placed at the
high temperature zone of a horizontal furnace at 890-900°C. The cold zone of the quartz tube was
placed at the lower temperature zone of the furnace at 790-800°C. For this study, S2 was
synthesized by one facility using unpurified sources and a Si wafer substrate as the heterogeneous
nucleation site. The growth procedure can be found in references [17,31]. In contrast, S1 and S3
were synthesized by the other facility using 99.9999% purity B source (from Alfa Aesar) without
the use of a different substrate in the quartz tube for promoting nucleation. The growth procedure
is similar to that in prior report [26]. S1 was grown over the course of three weeks, while S3 was
grown for four weeks until minor reactions with the quartz tube container were observed.

A recent report has described a steady-state differential thin film resistance thermometry
method for peak x measurements of high-xrod samples [32]. Thin film resistive thermometers are

patterned and deposited directly on the sample surface to reduce the interface thermal resistance,



which is negligible compared to sample thermal resistance. To eliminate the errors due to heat loss,
two measurements with different numbers of lead wires attached to the heater are performed and
compared to obtain the heat loss from the heater into lead wires directly. In addition, lead wires of
the thermometers are arranged to be outside of the sample region of interest. Moreover,
measurements are performed in a high vacuum cryostat with two radiation shields to reduce surface
heat loss to gas molecules and radiation. A differential Wheatstone bridge circuit is used to
measure the small temperature drop directly between two thermometers. Fast Fourier Transform
(FFT) analysis is employed to improve the signal to noise ratio. The measurement errors of the
temperature drop, the temperature coefficients of resistance (TCR), and sample dimensions are
accounted for via Monte Carlo error propagation. Addressing the errors due to contact resistance,
heat loss through the thermometers and lead wires, and small sample temperature drops, this
method has been validated using a silicon sample as the calibration standard.

This method is implemented here to measure the x peak of BAs. The size of existing BAs
crystals is still just several millimeters long, much shorter than the silicon sample used in the prior
calibration measurements [32]. This small length is insufficient for patterning both the heater and
thermometers on the BAs sample surface while maintaining an adequate distance between the two
thermometers to achieve a measurable temperature drop and one-dimensional (1D) temperature
distribution. This size constraint is addressed by patterning a serpentine thin film heater on a
separate silicon bar. The heater was jointed to one end of the sample with silver epoxy while the
other end of the sample was secured to a copper heat sink with silver epoxy as shown in Fig. 1(a).
Photolithography and thin film evaporation were employed to pattern two resistance thermometers
that consist of a 10 nm chromium (Cr) adhesion layer and 100 nm gold (Au) on a 320-nm-thick

SiNy film deposited by plasma-enhanced chemical vapor deposition (PECVD) on top of the BAs



sample. Each of the two thermometers is at least 3 times the sample thickness away from the silver
epoxy joint with the heater or the copper heat sink is, so as to ensure a 1D temperature distribution

along the sample between two thermometers.
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FIG. 1. (a) Photographs of the patterned BAs sample S1 assembled with a thin film Au/Cr
serpentine heater on a silicon piece and a copper heat sink and connected to a printed circuit board
(PCB) with bonding wires. The location of the heater, BAs, thermometers 1 and 2 are labeled in
the photograph. (b) Temperature-dependent thermal conductivity measurement results of three
representative BAs samples (filled symbols). The error bars show the uncertainty calculated by a

Monte Carlo simulation at 95% confidence. The measurement results of S1, S2, S3 can be fitted



by first principles based calculations (solid lines) with additional use of boundary scattering mean
free path L, = 4.0 um, 5.0 um, 4.0 um, and the strength of point defect scattering gas = 4 X 10,

1.5x10*and 1.7 x 10*for substitutional impurities on the As sites for S1, S2, and S3, respectively.

The assembled sample was connected to a printed circuit board (PCB) with bonding wires
(Fig. S1 of the Supplemental Material [33]) and loaded into an evacuated space enclosed by two
radiation shields of a cryostat for differential electro-thermal bridge measurements [32]. Upon the
completion of the thermal measurements, scanning electron microscopy (SEM) was used to
determine the sample thicknesses as 60.4 £ 1.4 um for S1, 36.1 + 0.2um for S2, and 77.0 £ 1.0 um
for S3. The random error in the measured temperature drop, sample dimensions and the systematic
errors in the measured TCR are included in a Monte Carlo simulation to evaluate the x
measurement error, which is dominated by the calibration error in the TCR of the two

thermometers and shown as error bars in Fig. 1 [32].

I1l. RESULTS AND ANALYSIS

Figure 1(b) shows the thermal conductivity measurement results of the three samples. For
all three samples, the measured x peaks at temperatures between 120 K and 150 K. Above the peak
temperature, x decreases with increasing temperature due to increasing phonon-phonon scattering.
Below the peak temperature, xdecreases with decreasing temperature because of a reduced phonon
specific heat and dominant extrinsic scattering processes compared to the weak phonon-phonon
scattering. The x peak magnitudes of these three samples vary from (410 + 60) Wm?K™ in S3 to
(830 + 100) Wm?K™ in S1, suggesting a large variation in extrinsic scattering in these samples.

Among the three samples, S1 shows both the highest xand steepest temperature dependence above



the peak temperature. Since increased defect and boundary scattering weakens the temperature
dependence of x, the steeper temperature dependence indicates less extrinsic scatterings in S1 than
in the other two samples.

To better understand the different impacts of impurity and boundary scattering mechanisms
in the measurement results, we performed first principles calculations of the BAs « including
intrinsic three- and four- phonon scattering along with boundary scattering and scattering of
phonons due to atomic mass disorder from isotopes and point defects. The first principles
calculations are based on density functional theory (DFT) using the Perdew-Burke-Ernzerhof
exchange-correlation and the projector augmented wave method with an energy cutoff of 520 eV
as implemented in the VASP package [34,35]. The harmonic and anharmonic interatomic force
constants (IFCs) are used to calculate three- and four-phonon scattering rates [17,36]. Point defects
on B and As sites produce mass disorder that scatters phonons, reducing x. Phonon-point defect
scattering rates are calculated using the closed-form expression published previously [37]. This
expression is reproduced in the Supplementary Materials [33]. Since As is isotopically pure, the
phonon-isotope scattering results from the isotope mixture on the B sites (19.9% °B, 80.1% !B).
It is characterized by the mass variance parameter, gg=1.36 x 1073, which is included for all
samples. The dopant impurities are assumed to reside on the As sites since As has lower defect
formation energies for common impurities such as C and Si than is the case for the B sites [38].
We take the corresponding mass variance parameter, gas, as an adjustable parameter, which is
chosen to best fit the measured «(T) data for the three samples. Phonon boundary scattering is
described by an empirical scattering rate formula, rgjl = v, /Ly, Where v, is the magnitude of the
phonon velocity in mode 4, and L, is boundary scattering mean free paths. The linearized Peierls—

Boltzmann transport equation is solved to obtain the thermal conductivity of BAs. The boundary



scattering mean free paths (L;) and the strength of the extrinsic point defect scattering (gas) were
adjusted to best fit the measured data across the full temperature range [17,39]. Details of first
principle calculations can be found in Supplementary Materials of prior report [17].

In contrast to prior fitting of higher-temperature experimental BAs data [17], the additional
low-temperature x data presented here allows extraction of L;, which is found to be around 4 um
for S1 and S3 grown at one facility and 5 um for S2 grown with another setup. This size of L,
values is likely caused by phonon scattering by twin boundaries that was observed in prior
transmission electron microscopy (TEM) measurements of similar BAs samples [17]. We note that
even at 300 K, an L, of 5 um reduces the x of BAs calculated with no point defects by around
20%. The similar extracted L, values of the three samples are due to the similar peak temperature,
which is more sensitive to L, thanto g,s. In contrast, the peak magnitude is quite sensitive to gas,
which decreases considerably from 1.5 x 10 in S2 and 1.7 x 10 in S3 to only 4 x 10 in S1. In
addition, setting gas = 0 for L, = 5 um yields a peak x of over 1500 Wm™K, almost twice that
for S1. In contrast, even though gg is much larger than the g, values for the defects on As, it has
little effect on the BAs xbecause the heat-carrying acoustic phonons in large mass ratio
compounds such as BAs are strongly scattered only by defects on the heavy (As) atom [15].

We note that the calculated and measured thermal conductivity data at the highest
temperatures of our measurements do not exhibit 1/7 dependance. There are several factors that
combine to give a more complex 7 dependence than the 1/T behavior that is expected from
anharmonic three-phonon scattering at high temperatures. First, the 1/7 dependence is expected
above the Debye temperature. In BAs, the Debye temperature is higher than 600K [7]. The
temperature range of the measurements is well below the Debye temperature. Second, scattering

of phonons by impurities suppresses the thermal conductivities of all samples, even S1, and
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phonon-impurity scattering is independent of 7. Third, in BAs, the four-phonon scattering is
important around and above 300K, and four-phonon scattering rates have a stronger 7' dependence
than do three-phonon scattering rates. Thus, the actual 7' dependence is quite complex.

A large variation in the impurity concentrations among the three samples is also revealed
by the Raman spectra of Fig. 2(a), which were measured at multiple locations of the three samples
with 532 nm excitation wavelength at room temperature. Only the zone-center optical phonon
mode of BAs is active in the first-order Raman scattering and yields a single Raman peak near 700
cm™ because of the very small splitting between the longitudinal optical (LO) and transverse
optical (TO) modes [40]. Peaks in the high frequency regime near 1200 cm™ are attributed to
second-order Raman scattering by two optical phonons. As the optical phonon frequency is
controlled mainly by the light B atoms, the observed broader first-order Raman peaks of S2 and
S3 presumably resulted from a higher impurity concentration on the B sites than that in S1 [41].
Besides, the Raman spectra of S2 and S3 show more asymmetric peaks and stronger scattering
backgrounds than that of S1, as a result of higher Raman scattering strength from electronic
excitations, referred to as electronic Raman scattering (ERS) [26]. ERS produces a scattering
background and a Fano line shape of the Raman peaks, which is a result of free electrons produced
by vacancies and impurities that suppress x. To evaluate the ERS background of the entire bulk
samples, Raman intensities were measured and averaged in different positions on each sample,
and integrated from 1050 to 1150 cm™ [26,42,43]. Figure 2(b) shows the correlation between the
thermal conductivity and the as-calculated ERS background. S1 exhibits the highest xand lowest
integrated intensity, while S2 and S3 show similar low xand high integrated background Raman

intensities, indicating high concentration of impurities in S2 and S3 compared to S1.
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FIG. 2. (a) Representative Raman spectra of the BAs samples. The black dashed rectangles
indicate the phonon frequency range of 1050—1150 cm ™!, where the Raman background intensities
were integrated. Inset: magnified view showing the large peak at around 700 cm™. (b) Peak
thermal conductivity of BAs samples versus the average integrated background Raman spectra

intensity.

The relative impurity concentration variation among the samples is shown by the TOF-
SIMS data in Fig. 3, where the impurity depth profiles are normalized to the corresponding B
profile of each sample [44]. The spike at the very surface (d=0) results from the matrix effect [45].

The main impurities are Si, C, and O in all three samples, in agreement with prior
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reports [38,44,46]. As a common impurity in the borides [38], the C concentration in S2 grown
from a low-purity boron source is about 15 and 10 times, respectively, higher than those of S1 and
S3 grown from high-purity boron. In addition, the Si- concentration in S2 is also about 60 times
higher than that in S1, but only 20% higher than that of S3, for which additional C and Si impurities
must have been introduced during the growth of S3, as revealed by the observed minor reaction of
the quartz tube at the end of the long growth process. The reaction of the quartz tube could have
contaminated the vapor inside and introduced impurities in S3 over a large area beyond the contact
region of the sample. As impurities could diffuse in the sample during the high growth temperature,
S3 could have been doped with impurities over a large depth. Because the TOF-SIMS
measurement only probed the sub-micron layer near the surface of a limited area of the sample, it
is not able to spatially map the depth of the layer near the contact that was contaminated most by
the reaction with the quartz tube. The rapid variation of the carbon impurity near the surface of S3
was likely caused by either post-growth contamination or segregation of the carbon impurities to
the surface. The Oy concentrations in three crystal are similar, as shown in Fig. S2 in the
Supplemental Material [33]. The observed impurity trends, especially those for Si, are consistent
with the extracted gu¢ values and observed ESR behaviors of the three samples. Due to the lack
of calibration standards for BAs, however, the exact impurity concentration cannot be quantified

from the TOF-SIMS signals.
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for the three samples measured by TOF-SIMS.

Hall and four-probe electrical resistivity (p) measurements are performed to quantify the
charge carrier concentration and mobility. As shown in Fig. 4(a), the resistivities of S2 and S3
show a metallic behavior, for which the resistivity increases with temperature due to increased
electron-phonon scattering. In comparison, the resistivity of S1 is high and decreases with
increasing temperature, similar to the semiconducting behavior caused by thermal activation of

intrinsic carriers. Figure 4(b) shows that holes are the majority carriers based on the Hall
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measurement with a magnetic field sweeping between + 3T at temperatures from 50K to 300K,
similar to the p-type behavior reported from prior measurements [17,23,44,47]. The measured
room temperature Hall carrier concentration increases from about 3.5 x 10*® cm= in S1 by over
one order of magnitude to 5.1 x 10*® cm™ in S2. In addition, Figure 4(b, ¢) show that both the high
hole concentrations and the low mobility of S2 and S3 are relatively insensitive to temperature. In
contrast, S1 shows an increased hole concentration with increased temperature and a peak mobility
near 230 K, a semiconducting behavior where the mobility is dominated by impurity scattering
and phonon scattering, respectively, at temperatures below and above the peak. Compared to S2
and S3, the observed decrease in the hole concentration and increase in both the mobility and «
consistently reveals reduced impurity doping in S1, in agreement with the calculated reduction of
phonon-defect scattering rates. Figure 4(d) compares the measured x at 150K near the peak
temperature versus the hole concentration with the calculated x at different impurity
concentrations and L,= 5.0 um. S1 shows a similar peak xas the calculated results for Cas and
Sias impurities. S3 exhibits a peak x slightly below the calculation result for Cas and Sias, likely
due to partially ionized acceptors, presence of donor impurities, or the smaller L,= 4.0 um value
than the 5.0 um value used in the calculation. In addition, S2 with the highest hole concentration
shows considerably higher measured peak x than the calculation curves, similar to prior
measurement results of high-hole concentration samples [44]. This latter behavior is attributed to
an inhomogeneous impurity distribution, where the high and low- impurity regions or layers in the

samples yield the high hole concentration and higher measured xthan the calculation, respectively.
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FIG. 4. Temperature dependences of (a) resistivity, (b) carrier concentration, and (c) mobility of

BAs samples. For S1, the measurement results below 200 K become unreliable partly due to
unstable electrical contact to the sample. (d) The measured thermal conductivity (Symbols) at 150K
as a function of the hole concentration obtained from the Hall measurements, in comparison to the

calculated xas a function of the concentration of different charged (dashed lines) and neutral (solid

lines) impurities for L,= 5.0 um.

IV. CONCLUSION
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The peak x measured in this work has helped to reveal the detailed extrinsic impurity and
boundary scattering mechanisms in BAs crystals grown by CVT method. Specifically, the
measured temperature dependence of x from room temperature to that below the peak temperature
narrows down the possible first principles calculation fits to a unique combination of L, and g,s.
The similar peak temperatures observed in the three samples suggest a similar L, of around 4 and
5 um, indicating the presence of extended defects such as twin boundaries in these samples. A
high degree of correlation is found in the observed variations of the peak x amplitude, extracted
phonon-impurity scattering strength, the ERS background, Si and C signals measured by TOF-
SIMS, and Hall carrier concentration and mobilities. For the p-type sample with the highest hole
concentration of about 5.1 x 10*® cm3, the measured « is considerably higher than that predicted
from the phonon-impurity scattering calculation. This latter result suggests a spatial variation of
the impurity concentrations. These findings clarify the extrinsic scattering mechanisms that have
led to the variations of the thermal and electrical transport properties observed in different BAs

samples and different regions of the same sample.
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