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ABSTRACT:

The halide perovskitoid compound CszBi2lg (CBI) has attracted considerable interest
as a semiconductor because of its outstanding stability and reduced toxicity compared
with lead-based halide perovskites. Here, we report the growth of nuclear radiation
detection grade CBI bulk crystals (@15x60 mm?) with high resistivity over 10'° Q-cm
using a modified vertical Bridgman method. Because of its layered crystals structures
we investigated the anisotropy in the optical and electrical anisotropies using different
crystal orientations. The CBIl o1y sample exhibits a resistivity of ~10*2 Q-cm compared
to the ~10° Q.cm for the CBl100) Sample. This is due to the anisotropic mobility in the
two crystallographic directions. Using a 425 nm LED (~200 mW-cm2) illumination
CBlo01) possesses a superior optical response with the switching ratio over 40, which
is critically higher than that of CBlo00) (<2). Detectors of 2 mm thickness show the
capability to detect 2*Am @ 5.49 MeV a particles, with good peak discrimination. A
full width at half maximum (FWHM) of 32% was obtained under a bias of 560 V.
Simultaneously, the electron mobility and mobility lifetime (uz) were calculated to be
6.10 cm?.V1l.s? and 2.03x10° cm2 V!, respectively. First-principles density
functional theory calculations confirm the crystallographic anisotropy of the carrier
effective masses. In addition, a significant X-ray sensitivity of 111.9 unC-Gy*-cm for

CBI detector was observed, under 80 kVp X-rays at an electrical field of 450 V-cm ™.



INTRODUCTION

Room temperature radiation detectors based on compound semiconductors are a
highly sought technology over many decades due to their broad potential applications
in the fields of homeland security, industrial and medical imaging, and fundamental
scientific researches’. Prospective semiconductors need to fulfill simultaneously
several desirable properties, such as the capable of interaction with the high-energy
photons, operable under high electric field with negligible leakage current, allowing for
the photo-generated carriers to drift through the detector volume unimpeded. This
means the materials must have a large effective atomic number Z, high resistivity,
extremely low concentration of charge traps and electrically active defects*”.

Recently, the metal-halogenated perovskites of APbX3z (A=Cs, CH3sNH3" (MA);
X=Cl, Br, 1) have attracted intense interests because of the facile synthesis and
processing, as well as the impressive optical and electronic properties, such as the
extremely low density of defects, excellent carrier transport behaviors, and high defect
tolerance®1°. Despite its great success, the current halide perovskites usually utilize lead
as the core component. Among them, the organic-inorganic hybrid perovskites
intrinsically have structural disorder in the strongly polarized organic cations and
structurally dynamic inorganic frameworks, causing long-term chemical instability®®.
And the Pb-based all-inorganic perovskites have obvious ionic polarization, which
greatly limits its application at high electric fields. In contrast, the photoelectric
properties of bismuth-based halide perovskites have gradually attracted many attentions.

Bi is considered as one of the candidate elements to replace Pb with higher atomic
number. The binary Bilz has been used in gamma-ray detection'’?° and X-ray
imaging®:?, but its sensitivity is limited. The all-inorganic iodide CBI is a compound
with an average atomic number of 57.7, which is higher than the leading material
Cdo.gZno.1 Te (48.2). The CBI also exhibits the large band gaps, high resistivity and high
photoresponse, which predicts the potential of radiation detection materials®*. It also
offers far greater long-term stability because of lacking organic molecule.

A3Bizlg crystals grown by vertical Bridgman method from a melt were firstly
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reported?. Fabini?® revealed the crystal structure and bandgap of CBI grown by solution
method. In addition, the thin CBI nanosheets?’ produced by solution recrystallization
method and their potential applications in flexible electronic devices were also explored.
The structural feature of CBI is that Cs and | atoms are the most intensive and Bi atoms
occupy 2/3 of octahedron Is holes?®*°, in which isolated [Bi2ls]* ions act as paired
coplanar Bi-I octahedral®!. The zero-dimensional (OD) molecular salt crystal structure
was formed®2, because of Bils octahedra share the surface to form [Bizlg]* anion. In
this [Bi2l9]* anion the Bi octahedra actually share faces rather than corners which is
the case with proper perovskites®*-#. In inorganic structures where the MLs octahedra
link using edge- and face sharing motifs or combinations of corner-, edge- and face
sharing motifs, one cannot refer to them as perovskites and they are collectively referred
to as “perovsktoids”3. These types of crystal structures such as Cs3Bizlg tend to exhibit
significant anisotropy. Therefore, in this work we paid significant attention to the crystal
orientation for detector fabrication and explored the effects of anisotropy on the
radiation detection of CBI crystals.

Herein we report the growth of CBI bulk crystals using the modified vertical
Bridgman method. The CBI single crystals were cut and processed into appropriate
sizes along different crystal orientations for optical and electrical anisotropic property
studies. We report the first observation of resolved energy peak using o particles with
spectral resolution of 32%. The electron mobility-lifetime product was obtained, and
the mobility was estimated by analyzing the rise time distribution. The CBI based
detectors also show a linear response to X-rays which the prominent sensitivity of 111.9
nC-Gyairt-cm. To better determine the nature of optical and electrical anisotropy for
CBI, the electronic structures are calculated by first-principles theory methods. The
resulting detector performance measurements with peak resolution confirm its strong

potential as nuclear radiation detection material.

EXPERIMENTAL

Materials synthesis. CBI was synthesized by compound bismuth iodide (Aladdin,
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99.99%) and cesium iodide (Meryer, 99.999%). The raw material (less than 42g) were
prepared by reacting Csl and Bilz with a stoichiometric ratio of 3: 2 in a quartz ampoule
(17 mm OD, 15 mm ID). First, the sealed ampoule was put into a rocking furnace to
synthesize the polycrystals at 925 K for 24 h. The ampule was then placed in the two-
zone Bridgman furnace for growth.

Single crystal growth. CBI single crystals were grown by vertical Bridgman
method. The synthesized CBI polycrystals were put into a two-zone vertical Bridgman
furnace. The temperature of the hot zone was 970 K, while the cold zone was 670 K.
The temperature gradient in the two-zone Bridgman furnace was estimated to be 15~20
K-.cm™. The ampoule was descended at a rate of 0.5~2 mm-h. After the growth, the
furnace was cooled to room temperature at a rate of 4~8 K-h™. A dull-red large single
crystal (D=15 mm, L=60 mm) of CBI has been grown from the melt technique. The
pure cleavage surface (001) facet was obtained in high frequency wave splitting by
ultrasonic cleaner, and (100), (101) and (116) facets were obtained by cutting at an
angle between each crystal facet and (001) facet. The 5000# abrasive paper and velvet
polishing pad were used to polish the wafer, and Water Displacement 40th attempt
(WD-40) was used for lubrication. After polishing, removed the WD-40 residue with
alcohol and cleaned the surface.

Characterization. The X-ray diffraction (XRD) patterns of both powders and
single crystal were collected using the D/Max 2500 PC with Cu Ka in the range of
10—90° (260) under a tube voltage of 40 kV and 40 mA. The UV-Vis spectra were carried
out on a UV-3150 spectrometer in the range of 400 nm to 2600 nm and the crystal was
measured using Neicox Fourier transform infrared spectrometer at 500-4000 cm™
wavenumbers.

Current-voltage (/—V7) and current-time (/—¢) were measured by electrical
properties measurement system (Agilent 4155C and Keithley 6517b). A light emitting
diode (LED) (~200 mW-cm) was employed as the illumination light to perform the
time-dependent photoresponse with the wavelength of 425 nm.

Electronic band structure calculations and estimation of the effective mass.



Under the Projector Augmented Wave (PAW) method actualized in Vienna Ab-initio
Simulation Package (VASP), the calculated results were obtained by the density
functional theory (DFT)%¢. The energy switched off for plane wave basis was set at 350
eV and the Monkhorst-Pack k-point grid of 7x7x3 was employed for Brillouin zone
(BZ) sampling. With regard to the exchange-correlation function, Perdew-Burke-
Ernzerhof (PBE) formalism was implemented by the generalized gradient
approximation (GGA)***". The lattice parameters and the positions of atoms in the
cells were calculated to ground states. The structure was relaxed until the energy
convergent criterion is 10 eV per unit cell and the atomic force on each atom is less
than 0.01 eV/A. For the calculation of the band structure, high symmetry path is
assumed from I" (0, 0, 0) to K (0.333, 0.333, 0), M (0.5, 0, 0), I" (0,0, 0) and L (0.5, O,
0.5)%,

Radiation detection measurement and charge transport properties. For
nuclear radiation measurement, the planar detectors (4 X4 X2 mm?) were prepared in
which the gold electrodes were located on the parallel faces of the crystals to form the
AU/CBI/Au. The pulse height spectra as a function of bias voltages were obtained,
which illuminated by an un-collimated ?*!Am @ 5.49 MeV « particle source. The pulse
shape information was simultaneously recorded by connecting the pre-amplifier output
to a high-speed waveform digitizer card. The signals from the preamplifier (Model
ORTEC570) were further amplified and shaped by the amplifier (Model ORTEC 142)
with a gain of 5-200 and shaping time of 2-2 us. The final signals were subsequently
evaluated by a dual 8 K input multichannel analyzer (Model Imdetek AMCA-01) and
read into software, which generated and displayed the response spectrum.

X-ray response and the sensitivity. A tungsten target X-ray tube (SPELLMAN
XRBO011) was used as the source for X-ray detection performance. The X-ray source
was constantly operated with the tube voltage of 80 kV, and the tube current was tuned
from 5 to 60 pA. The X-ray dose rate was in direct proportion to the tube current, and
it was carefully calibrated by using Geiger counter and thermoluminescence meter. The

Cs3Bi2lg device was placed in a dark shielding box to prevent from disturbance of



ambient light. The bias voltage was applied on device and the induced photocurrent

was recorded by a Keithley 6517B.

RESULTS AND DISCUSSION

Crystal structure and characterization. Different views of the crystal structure
of CBI are shown in Figure 1a. This hexagonal structure has distinct dimer [Bizlo]*~
anions placed in a layered arrangement along the ab-plane (CBlo1)). However, the
[Bi2lg]* units are arranged differently along the planes pointed by the arrow referred
to here as CBlo1), and CBl00). This is shown in Figure 1b, 1c and 1d, respectively.
Clearly given the discrete nature of the [Bi2lo]*>" anions it is expected that the transport

and optical properties along the different crystal directions will vary.
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FIGURE 1. (a) Crystal structure of CBI. The lattice planes of (101) (b), (001) (c) and (100) (d) in
CBI. The CBI ingot (e) and wafer (f) view under intense light irradiation. (g) The indices of (100),
(101) and (001) observed of different planes of CBI.

Our crystal growth procedure gave CBI crystals with dimensions of ®15x60 mm?,
Figure 1e. Three bright red CBI wafers with (100), (101) and (001) faces were obtained
by wire-saw cutting and ultrasonic oscillation, as seen in Figure 1f under intense light
illumination, whose crystallographic orientations were determined by the XRD patterns
in Figure 1g. Powder X-ray diffraction analysis confirms that the compounds are phase-
pure, as demonstrated in the bottom of Figure 1g. The XRD refinement result displays
the hexagonal structure with the space group P6s/mmc. The corresponding lattice
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parameters of CBI are a=b=8.41 A, ¢=21.20 A, a=B=90° and y=120°, respectively. The
crystal composition was estimated ideally of Cs:Bi:1=2.8:2:9 by the EDS measurements
(Figure T1 and S1 in the Supporting Information).

Electronic band structure calculations. To comprehend the anisotropy of CBlI,
a diagram of CBI band structure is plotted in Figure 2a based on first-principles
calculations. Our results are in agreement with previous reports,*=3"3° however, here
are focus on the analysis of the difference in effective masses in different directions.

From Figure 2a, the valence band maximum (VBM) is located on the line between
K and M points (close to the M point), and the conduction band minimum (CBM) is
located at T" point. Figure 2b exhibits the first Brillouin zone in reciprocal space, with
the principle directions and points. The dispersion of the lowest conduction bands is
moderate, while the top valence bands are very flat, indicating smaller effective masses

for electrons compared to holes. Accordingly, the calculated principle electron effective

masses are as follows, m,, 4, =0.33m; m, ) =0.52m, , M, o0y =3.20m, . As the

migration rate is inversely proportional to the effective mass, the smaller effective mass
determines the larger mobility. These suggest that higher electron mobility («) value
can be achieved along the preferential orientation. The high anisotropy of the

conduction band is mainly attributed to low dimensional structure of CBI.
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FIGURE 2. (a) Band diagram of CBI. (b)View of the first Brillouin zone in reciprocal space
showing the principle directions and points in comparison with real space.



Optical properties. Figure 3a reveals the optical transmittance spectra of same
thickness (2 mm) samples of CBl100), CBl(101) and CBl o1y from 500 nm to 12000 nm.
The corresponding bandgaps measured also these three directions CBI are the same
Eq=1.95 eV, see inset of Figure 3a, in good agreement with the reported values of 1.90-
2.30 eV 3%, However, the mean transmittance of CBlo0) sample is two times higher

than that of CBloy).
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FIGURE 3. (a) Transmission spectrum for CBI and the bandgap by fitting the Tauc plots. (b)
Uniaxial crystal refractive index ellipsoid of CBI.

The infrared transmittance (T) of the dielectric can be expressed by equation (1).

The transmittance (T) is decreasing with the increase of the reflectance (R).
1-R

= 1

1+R @)

Generally, for a dielectric material with low conductivity, the reflectance (R) can be

expressed by equation (2),

_(n-1)
"~ (n+1)?

)

The value of the reflectance (R) increases with the increase of refractive index (n) when

n>1. According to the relationship between dielectric constant (&) and refractive index
(n),
n=s ©)



The hexagonal crystal structures belong to uniaxial crystals, based on the hexagonal
uniaxial refractive index ellipsoid (Figure 3b), resulting in the orientation perpendicular
CBlo1) has a larger dielectric constant*®-42. Therefore, it can be concluded that the
refractive index perpendicular to CBl(o1) is more than that of CBlo0) based on the
premise of similar thickness. And the refractive index of CBlo1) IS somewhere in
between CBl00) and CBl o), and it is consistent with the average transmittance. In
short, the large variation in transmittance is ultimately attributable to the difference in
the dielectric constant, which is contributed by the anisotropy of the density of [Bizls]*

units arrangement.

Electrical properties. As shown in Figure 4a, the resistivities of CBI were
calculated by fitting the 1-V curves with the values of 4.58x10° Q-cm, 7.62x10%° Q-cm
and 1.24x10'? Q-cm for CBI(100), CBl@101) and CBleo1), respectively, as seen in Figure

4a. Generally, the resistivity p can be calculated according to the formula as,

£

. m
P Ng’z

(4)

where N is the carrier density, q is the carrier charge,  is the carrier transport lifetime
and m” is the effective mass of the carriers. Based on the calculated results, the effective
masses of electrons and holes perpendicular to (100) are 0.33mo and 0.94mo,
respectively, where mo is the mass of free electrons. However, the effective masses of
electron and hole perpendicular to (001) direction are much higher, with values of
3.22mo and 2.14mo, respectively. Therefore, these strong effective mass variations
possibly dominate the resistivity anisotropy.
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FIGURE 4. (a) I-V curves of CBlo0), CBl@oyyand CBloy from -100 V to +100 V. (b) The
photoresponse of CBI o1 using a 425 nm LED with the incident power (~200 mW-cm2) from 300
V to 600 V.

The photo-response of CBIoo1) was measured using a 425 nm LED (~200 mW-cm®
2) from 300 V to 600 V, Figure 4b. The ratio of photocurrent to dark current (6 photo/Gdark)
for CBlooy) is higher than 40, which is critical higher than those of both CBI101) and
CBl(100) (cphoto/cdark <2), See Figure S2 in Supporting Information. Although the
number of photo induced charge carriers in the crystal are the same, CBl(o1) has a
higher bulk resistivity and a smaller dark current than CBl101) and CBl 100, consistent
with the smaller calculated effective masses and thus a more pronounced signal-to-
noise ratio of light response should be observed in CBlo1).

Radiation detection characterization. To further understand the anisotropic
performance in radiation detection, 2 mm CBI planar detectors were investigated using
the 22Am @ 5.49 MeV o particles as the radiation source. The digital pulse height
spectra as a function of applied bias voltages are shown in Figure S3a, 3b and 3c. Due
to better charge collection efficiency, the peak centroid shifts toward higher channels
with increasing bias voltage. Generally, the incident depth of the a particles is in tens
microns beneath the crystal detector surface?. The electron mobility-lifetime product
(ur)e can be estimated by the single charge carrier approximation Hecht equation

(equation 5)7, when detector is illuminated from cathode

I
rg =V = g lee ) ©)
where 7 is the charge-collection efficiency (CCE), Q is the resulting peak centroid, Qo
is the theoretical number of saturated channels per peak, U is the applied voltage and d
is the detector thickness*®. The (ur)e were estimated of 7.06x10° cm?-V1, 3.90x107
cm?-V1and 5.88x107° cm?-V1, respectively, for CBlo1), CBl(101) and CBlo0), Figure
S3d, 3e and 3f.
Simultaneously, the preamplifier signals were collected to obtain the carrier drift

time (tr). Figure S4a, 4b and 4c show the transient pulse for CBI detector under the bias
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voltage from 100 V to 500 V. For photo-generated carriers drift across the thickness the
mobility p is given by

Uy d?
= Zor _ 6
E Vxt ©)

U

where Vi is the bias voltage applied on the thickness d. The corresponding electron
mobility of CBIo1), CBl(101) and CBl o0 are 1.18 cm?-V?1-s, 20.42 cm?-V1-st and
30.68 cm?-V1.s1, respectively, by the linear fitting of var versus the electrical field (E),
as shown in Figure S4.

Generally, the mobility p can be calculated according to the formula as

=X (7)
m

where q is the carrier charge, 7 is the mean free time and m” is the effective mass of the
carriers. The effective mass of carriers is given by the formula

1 1°E(K)
m° h 0%k?

(8)

where m” is the carrier effective mass, k is the crystal momentum vector, E(k) is the
band eigenvalues. From the electronic structure calculations, the electron effective
masses perpendicular to CBl o1y, CBl(101) and CBl(100) are 3.22mo, 0.52mo and 0.33mo,
respectively. The large differences of the effective mass along these three directions is
believed to be responsible for the anisotropy in the mobilities.

It is very encouraging that the full-energy peak can be observed in CBl116) device.
The digital pulse height spectra as a function of applied bias voltages are shown in
Figure 5a, with the full-energy peaks are clearly resolved. A superior energy resolution
of 32% (full width at half maximum (FWHM)) was achieved at 560 V bias, Figure 5b.
The resulting pr products for the CBl116) detector estimated from channel number as a
function of applied bias according the Hecht equation (5) was 2.03x10° cm?-V1, Figure
5c. Figure 5d shows the average transient pulses (the data acquisition system stored
1000 pulses data samples per voltage) for CBIl116) detector under the bias voltage from
400 V to 600 V. The corresponding pulse height rise time (10%-90% amplitude rise

time) is in the range of 45-19 ps. The representative histogram of rise time t;
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distribution for CBl16) detector under 520 V is shown in Figure 5e. The electron
mobility for CBl16) detector is ~6.10 cm?-V1.s | as shown in Figure 5f.

Obviously, there is a significant exponential decay in the preamplifier signal,
pointed by the arrow in Figure 5d. These so called de-trapping effects result in
underestimated electron mobility. The de-trapping phenomenon can be weakened as the
bias increases, which means that carrier collection efficiency can be improved at higher
electric field strength. Despite the relatively low mobilities of the material compared to
the 3D perovskites**#’, the crystals of CBI are stable under an electric field of over

3000 V/cm for a long time (>8 h). No serious ion polarization was observed.
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FIGURE 5. (a) The response spectra of CBI 1) detector to 24!Am a source from 400 V to 600 V.
(b) Typical pulse height spectrum of 2**Am a source at 560 V bias. (c) (Uz)e of CBlag) fitted using
the single carrier Hecht equation. (d) o particles induced pulse shapes and the rise time (t;) under
various bias. (e) The histogram of rise time distribution (1000 pulses data samples) under 520 V. (f)
The electron mobility of CBl116) by the linear fitting.

We analyzed the reason why better results come from the CBl16) device. The
angles between (100), (101), (116) and (001) planes are shown in Figure 6a. The
relationship between mobility (i) and resistivity (p) perpendicular to these planes is

shown in Figure 6b based on the current results, the blue curve is a guide to the eye. In
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terms of the [Bi2lo]* anion arrangement density, it is clearly that the orientation of
perpendicular to (001) facet possesses the minimum value. Generally, the larger
arrangement density of [Bi2lg]> units supplies more channels for electrons migration,
thus the carrier transport becomes more facile. Conversely, higher resistivity and lower
mobility was presented. Obviously, it can be seen from Figure 6b that the resistivity
and mobility of the material are mutually constraining parameters. However, the ability
of spectral resolution is determined by both the resistivity and the carrier mobility.

Therefore, a preferable crystal orientation should be achieved for best performance.
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FIGURE 6. (a) The lattice planes angles of (100), (101), (116) and (001) in CBI. (b) The
relationship between resistivity and mobility with different crystal orientation (the blue curve
artificially created for better comparative analysis).

X-ray response and the sensitivity. The X-ray response of a 2 mm CBlus)
detector was also explored using a tungsten X-ray source, (tube voltage of 80 kV and
tube current from 5 to 60 pA), Figure 7a. The detector to X-ray source distance was
fixed to ensure the linear relationship between X-ray dose rate and tube current. The
time-dependent photocurrent of the detector was recorded by modulating tube current
to change dose rate, Figure 7b. According to the relationship of S=(lon-loer)/dose rate,
a high X-ray sensitivity of 111.9 pC-Gy*-cmwas obtained, which is higher than that
reported for Cs2AgBiBres X-ray detectors (105 pC-Gyt-cm?2)*’. The X-ray sensitivity
of CBI seems also superior to that of perovskite single crystal of methylammonium lead
tribromide, CH3NH3PbBr3 (80 uC-Gy*-cm)!. However, unlike the organic-inorganic

hybrid perovskite materials which exhibit obvious ionic polarization under high bias,
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CBl is very stable. The excellent X-ray sensitivity of the CBI samples suggests further

work in the field of radiation detection for this system is warranted.
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FIGURE 7. (a) Time response of CBI116) Sample under X-ray beam bias of 80 kVp, and current in
the range of 1~60 pA. (b) X-ray photocurrent as a function of exposure dose rate.

CONCLUSION

Large size CBI (®15x60 mm?) single crystals can be grown with a resistivity of up to
~10'? Q-cm. CBl(o1) exhibits a superior photoelectric response (>40) in contrast to
CBloo) (<2) under 425 nm LED (~200 mW-cm™). The resulting 2 mm CBlzis)
detectors can detect 2!Am @ 5.49 MeV o particles, with the first observation of the
all-energy peak for all-inorganic perovskitoid compound CBI at room temperature. An
energy resolution of 32% was achieved under bias of 560 V. The electron mobility and
mobility lifetime (uz) were calculated to be 6.10 cm?-V1.st and 2.03x10° cm?-V1,
respectively. However, significantly anisotropic motilities were observed, in CBl o1
and CBlo0) crystals, which correlates with the variable density of [Bizl9]% units along
these crystallographic directions. Our first-principles electronic structure calculations
confirm the difference of effective mass along the different crystallographic directions
and account for the strong anisotropy in the transport measurements. Finally, the CBI
based detectors show a linear response to X-rays which the prominent sensitivity is
111.9 uC-Gyairt-cm2. These results and insights will have a major impact on the future

of CBI crystal growth and X/y ray detector development.
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Large size Cs3Bi2lg single crystals with the significant anisotropies show the capability
to detect 2Am @ 5.49 MeV « particles ((FWHM) of ~32% under 560 V bias).
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S1: EDS Measurements

Table. S1 EDS analysis of Cs3Bizls,


tel:+86-29-88460445

Element Theoretical atomic The actual atomic

percentage (%) percentage (%)
I 64.29 64.88
Cs 21.43 20.14
Bi 14.28 14.98
Total: 100.00 100.00
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Figure. S1 The test spectrum results of EDS of Cs3Bizlo.

S2: Electric Measurements
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Figure. S2 Typical photoresponse contrast of CBl 100y, CBl(101) and CBlgo1y at 150 V in 425nm LED
(~200 mW-cm).

S3: Radiation detection Characterization
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Figure. S3 (a), (b) and (c) are the response spectra to 2*1Am alpha source of CBl(go1), CBl101) and
CBl00), respectively. (d), (e) and (f) pr of CBloo1), CBl(101) and CBl100) Were 7.06x10°¢ cm?- V1,
3.90x10° cm?-V-! and 5.88x10° cm?- V- fitted by the single carrier Hecht equation, respectively.
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Figure. S4 (a), (b) and (c) Alpha particles induced pulse shapes of CBI o1y, CBl(101) and CBl100)
under various bias, respectively. (d), (e) and (f) The electron mobilities of CBI o1, CBl(101) and
CBl(100) by the linear fitting, respectively.
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