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High ambipolar mobility in cubic boron arsenide
revealed by transient reflectivity microscopy
Shuai Yue1,2,3,4†, Fei Tian5,6†, Xinyu Sui1,4, Mohammadjavad Mohebinia7, Xianxin Wu1,4, Tian Tong2,
Zhiming Wang3, Bo Wu8, Qing Zhang9, Zhifeng Ren5*, Jiming Bao2,5,7*, Xinfeng Liu1,4*

Semiconducting cubic boron arsenide (c-BAs) has been predicted to have carrier mobility of 1400 square
centimeters per volt-second for electrons and 2100 square centimeters per volt-second for holes at
room temperature. Using pump-probe transient reflectivity microscopy, we monitored the diffusion of
photoexcited carriers in single-crystal c-BAs to obtain their mobility. With near-bandgap 600-nanometer
pump pulses, we found a high ambipolar mobility of 1550 ± 120 square centimeters per volt-second,
in good agreement with theoretical prediction. Additional experiments with 400-nanometer pumps
on the same spot revealed a mobility of >3000 square centimeters per volt-second, which we
attribute to hot electrons. The observation of high carrier mobility, in conjunction with high thermal
conductivity, enables an enormous number of device applications for c-BAs in high-performance
electronics and optoelectronics.

I
n 2018, thepredictedhigh room-temperature
thermal conductivity (k) of cubic boron
arsenide (c-BAs), >1300 W m−1 K−1, was
experimentally demonstrated (1–3). At
about the same time, c-BAs was also

predicted to have high carrier mobility val-
ues of 1400 cm2 V−1 s−1 for electrons and
2100 cm2 V−1 s−1 for holes (4). A higher hole
mobility of >3000 cm2V−1 s−1was later predicted
under a small 1% strain (5). Such a high carrier
mobility is due to a weak electron–phonon
interaction and small effective mass (4–7). Like
those predicting the thermal conductivity of
c-BAs, these calculations were based on non-
defective c-BAs with high crystal quality and a
very low impurity level (4, 5). The simulta-
neous high thermal conductivity and carrier
mobility makes c-BAs a promising material
for many applications in electronics and opto-
electronics. Despite this potential, the high
mobility has not been experimentally verified (8).

In this study, using ultrafast spatial-temporal
transient reflectivity microscopy, we observed
an ambipolar mobility of ~1550 cm2 V−1 s−1

and obtained a >3000 cm2 V−1 s−1 mobility
for photoexcited hot carriers. We used photo-
luminescence and Raman spectroscopy to
probe the relative level of p-type doping and
found that a high hole concentration will
substantially reduce the ambipolar mobility.
We grew c-BAs single crystals using the

same seeded chemical vapor transport tech-
nique reported previously (3, 9). These crystals
typically appear as slabs with (111) top and
bottom surfaces. We used scanning electron
microscopy to image a corner facet (111) of
an as-grown c-BAs slab that we labeled sam-
ple 1 (Fig. 1A). This facet is one of the eight
equivalent (111) surfaces, and we chose it for
mobility measurement because of its relatively
high quality, which can be seen from sharp
(0.02°) characteristic peaks in the x-ray dif-
fraction (XRD) pattern (Fig. 1B and inset), a
narrow (0.6 cm−1) longitudinal optical (LO)
phononpeakat 700 cm−1 in theRaman spectrum
(Fig. 1C and inset) (1, 2), and the characteristic
bandgap photoluminescence (PL) peak at
720 nm in the PL spectrum (Fig. 1D) (10),
indicating high-quality crystal lattices, a low
mass disorder (11), and a low defect density,
respectively (10). PL mapping shown in the
inset of Fig. 1D also indicates the uniform
crystal quality on the (111) surface (10). We
performed all measurements at room tem-
perature and further characterized sample
1 and a second sample, labeled sample 2
(12) (fig. S1).
The Hall effect is the most common tech-

nique used to measure carrier mobility, but it
requires four electrical contacts on a relatively
large and uniform sample. To accommodate
the requirements of mobility measurement
in a small sample size or in inhomogeneous
materials, ultrafast pump-probe techniques

have been used to perform noncontact mea-
surements with high spatial resolution (13–17).
Because of our relatively thick samples, we
used reflectivity rather than transmission. We
focused a femtosecond pump pulse on c-BAs
tophotoexcite electronsandholes andmonitored
the diffusion of excited carriers in space and
time with a time-delayed probe pulse defocused
on a larger area (6 mm in diameter) (12) (Fig. 2A
and fig. S2). We subsequently obtained an
ambipolar mobility from the diffusion coef-
ficient,D, through the Einstein relation,D/kBT=
m/e, where kB is the Boltzmann constant, T is
the temperature, m is the mobility, and e is
the elementary charge. Ambipolar mobility
is given by ma = 2memh/(me + mh), where me and
mh are the electron and hole mobility values,
respectively. Because c-BAs has an electronic
band structure similar to that of silicon, with
an indirect bandgap in the range of 1.82 to
2.02 eV (6, 7, 10, 18), we chose a 600-nm pump
pulse and an 800-nm probe pulse to avoid
the generation of hot carriers. Two-dimensional
(2D) diffusion images in Fig. 2B show the ex-
pansion of carriers over 10 ps, and a representa-
tive time-resolved reflectivity as a function of the
time delay between the pump and the probe is
shown in Fig. 2C. A sudden negative differential
reflectivity indicates a dominant electronic
contribution, because reflectivity increaseswith
lattice temperature (12, 19) (fig. S3).
The spread of distributions in Fig. 2B re-

flects diffusion of photoexcited electrons and
holes in space and time, and they can be well
fit by Gaussian functions (Fig. 2D). The change
in the variance s2 of carrier distributions is
plotted in Fig. 2E. The linear increase in the
variance with increasing time delay is a sig-
nature of diffusion, and the diffusion coef-
ficient, D, can be calculated from the slope
using the equation s2t ¼ s20 þ aDt, where a is
a constant depending on the dimensions of
the system and detection configuration (15).
We chose an a of 2 for our experiment be-
cause of the much larger laser penetration
(excitation) depth (60 mm at 600 nm) com-
pared with the thin top layer sampled by the
probe beam [20 nm at 800 nm, given by l/4pn
(13, 15–17, 19), where n is the refractive index of
c-BAs (18)]. From the slope of the curve shown
in Fig. 2E and the Einstein relation, D/kBT =
m/e, we obtained an ambipolar diffusion coef-
ficient of ~39 cm2 s−1 and an ambipolarmobility
of 1550 ± 120 cm2 V−1 s−1, close to the predicted
value (4).
Given that the properties of c-BAs are not

uniform evenwithin a single crystal, especially
in the direction perpendicular to (111) surfaces
(3, 10), we tested a cross-sectional surface of a
relatively thin (30-mm-thick) crystal labeled
sample 2 (12) (fig. S1). An optical image of the
sample 2 sidewall is shown in the inset of
Fig. 3A. We obtained PL spectra from several
spots at different distances from the edge (Fig.
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3A). The PL intensity increases with decreasing
distance from the edge and exhibits a noticeable
jump upon reaching the (111) surface, which
agrees with our previous finding of a drastic
change in PL from one surface to the opposite
surface of a single crystal slab (10). Corresponding
Raman spectra from the same locations are

shown in Fig. 3B and its inset. Similar to the
PL results, the Raman spectrum of the (111)
surface differs substantially from those of the
sidewall. We chose a spot ~11 mm from the
edge (Fig. 3A, dashed circle in inset) and used
three pump fluences to create different carrier
densities, the reflectivity distributions of which

are shown in Fig. 3, C and D, and fig. S6 (12).
We plotted the evolution of the variances
and obtained an ambipolar mobility of
~1300 cm2 V−1 s−1 (Fig. 3E), indicating the
negligible effect of carrier density on the
mobility of sample 2 owing to nonlinear effects
such as Auger recombination.
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Fig. 1. Characterizations of a c-BAs single crystal
(sample 1) on a corner (111) facet. (A) Scanning
electron microscopy image. Scale bar: 100 mm.
(B) X-ray diffraction pattern. (Inset) Magnified view
of the (111) peak. (C) Raman spectrum excited
by a 532-nm laser. (Inset) High-resolution
spectrum of the LO phonon. (D) Photoluminescence
spectrum excited by a 593-nm laser. (Inset)
photoluminescence mapping from the region marked
by a red rectangle in (A). Scale bar: 10 mm.
a.u., arbitrary units.

Fig. 2. Pump-probe transient reflectivity micros-
copy, carrier dynamics, and diffusion in sample 1.
(A) Schematic illustration of the experimental
setup. CMOS, complementary metal-oxide
semiconductor. (B) Evolution of a 2D transient
reflectivity microscopy image from a spot on
sample 1. Scale bar: 1 mm. (C) Typical transient
reflectivity dynamics (photoexcited carrier density
of 5 × 1018 cm−3). (D) Spatial profile (dots) and
Gaussian fit at 0.5 ps time delay from (B)
(fig. S4). (E) Evolution of variance of Gaussian
distributions extracted from Gaussian fitting
in (D). The corresponding mobility is included.
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The high carriermobility of c-BAs is enabled
by its distinctive weak electron–phonon inter-
action and its phonon–phonon scattering,
which should also enable the generation of
high-mobility hot carriers (20). To prove this,
we used a 400-nm pulse as a pump and
selected a particular band (585 or 530 nm)
with an optical filter from a white light

continuum beam as a probe pulse (12) (fig.
S7). A typical transient reflectivity curve of
a probe (585 nm) from sample 1 is shown in
Fig. 4A. In contrast to the single exponen-
tial decay previously observedwhen excited by
a 600-nm pump (Fig. 2C), the dynamics of
photoexcited carriers excited by the 400-nm
pump consist of three exponential decays: a

fast exponential decay with a ~1-ps lifetime,
a slow decay of ~20 ps, and an even slower
decay on the order of 1 ns (21). These decays
correspond to rapid relaxation of high-energy
photoexcited carriers, further relaxation of
carriers to the conduction and valence band
edges, and a combination of lattice heating
and recombination and trapping of electrons
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Fig. 4. Transient reflectivity microscopy and
carrier diffusion measured using a 400-nm
pump and a 585- or 530-nm probe. (A) Repre-
sentative pump-probe transient reflectivity curve
from sample 1. The probe wavelength is 585 nm.
(B and C) Spatial profiles (dots) and Gaussian fits
(curves) of transient reflectivity from a spot in
sample 1 measured using 585- and 530-nm probes,
respectively. (D) Evolution of the variances of carrier
density distributions and carrier mobility from (B),
(C), and fig. S10. (E and F) Variance and ambipolar
mobility results, respectively, for sample 2 at
six locations corresponding to those shown in
Fig. 3, A and B.

Fig. 3. Carrier diffusion on a cross-sectional
surface of sample 2. (A) PL spectra of six locations
on a cross-sectional surface with increasing
distance from the edge. PL of the spot at 0 mm was
taken from the (111) surface around the edge.
(Inset) Optical image of the sidewall. Dashed circle
indicates location for pump-probe measurements
in (C) to (E). (B) Raman spectra of three of the
six locations shown in (A). (Inset) Magnified view of
the phonon line in the spectra of the five sidewall
locations. (C and D) Spatial profiles (dots) and
Gaussian fits (curves) of photoexcited carriers at
initial concentrations of 4.3 × 1018 cm−3 and
8.6 × 1018 cm−3, respectively, from a location
indicated by the dashed circle in (A). (E) Variance
and ambipolar mobility values from (C), (D),
and fig. S6.
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and holes at the band edges, respectively
(20, 21), in good agreement with the theoretical
prediction (20). To obtain the diffusion coef-
ficient of the carriers in sample 1, we used a
simpler method by varying the relative dis-
placement between focused pump and probe
beams along one direction (12) (figs. S7 and
S8). We plotted the resulting spatial profiles
of the reflectivity after 1 ps for probe wave-
lengths of 530 and 585 nm (Fig. 4, B and C)
(12) and obtained an ambipolar diffusion
coefficient of 80 cm2 s−1 and an ambipolar
mobility of ~3200 cm2 V−1 s−1 (Fig. 4D).
Mobility of ~3600 cm2 V−1 s−1 was obtained
from the same spot as that shown in Fig. 2
for sample 1. These values are much larger
than the predicted ambipolar mobility of
1680 cm2 V−1 s−1 (4).
Using the same 400-nm pump, we also

measured the ambipolar mobility of sample 2
at six locations corresponding to those shown
in Fig. 3, A and B. The evolution of variance
of carrier distribution at these spots is shown
in Fig. 4, E and F, and fig. S11. The differences
in the initial values of the variances at 1 ps are
due to the different spot sizes of the pump
and probe beams in each measurement. The
mobility clearly changes drastically across the
sidewall, with the highest mobility (5200 ±
600 cm2 V−1 s−1) observed at a depth of 9.9 mm.
Although local strain could result in suchprom-
inent carrier mobility enhancement (5), we did
not see any noticeable Raman shift among
these locations (Fig. 3B). We thus attribute the
high ambipolar mobility to photoexcited hot
carriers, which exhibit high carrier diffusion
coefficient and mobility values (20, 22–24).
The position-dependent mobility on the

sidewall of sample 2 reveals that p-type doping
in c-BAs can substantially reduce its mobility.
Heavy p-type doping on the (111) surface can
be seen from the Fano line shape of the LO
phonon at 700 cm−1 and the higher background
level around 1000 cm−1 (Fig. 3B) (2, 8). This

gradually increased doping level toward the
(111) surface is further supported by the cor-
responding increased PL intensity (10, 25).
P-type doping will result in reduced carrier
mobility owing to the presence of ionized
dopants (these dopants are already activated)
and a lower electron mobility than hole mobil-
ity, becauseminority carriers will dominate the
carrier dynamics. The latter is supported by our
observation of a higher ambipolar mobility in
p-type silicon than in undoped silicon (12) (figs.
S12 and S13). Clearly, the enhanced PL intensity
observed in the c-BAs samples in the current
study indicates that p-type doping has only
introduced shallow acceptors rather than non-
radiative deep levels (10, 25). Because hot
carriers can also be generated by electrical
injection and low-intensity light, both hot
carriers and fully relaxed carriers can be used
for high-speed optoelectronic devices and high-
efficiency solar cells in conjunction with the
high mobility of the band-edge carriers.
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Swift carriers
Boron arsenide is a semiconductor with several interesting properties, including a high thermal conductivity.
Theoretical calculations also suggest that it has high ambipolar mobility, a measure of the mobility of electrons and
holes. Yue et al. and Shin et al. used different types of measurements to observe a high ambipolar mobility in very
pure cubic boron arsenide. Shin et al. were able to simultaneously measure the high thermal and electrical transport
properties in the same place in their samples. Yue et al. found even higher ambipolar mobility than the theoretical
estimates at a few locations. Boron arsenide’s combination of transport properties could make it an attractive
semiconductor for various applications. —BG
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