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Abstract: Bandgap tunable B-(Al, Ga),O; mixed crystals with different AI’" concentration were grown by the optical
floating zone (OFZ) method. When the nominal AI’" doping concentration was close to 0.26, cracking appeared. The
powder X-ray diffraction (XRD) revealed that B-(Al, Ga),0; mixed crystals kept the crystal structure of p-Ga,0;
without foreign phases and the lattice parameters decreased with the increasing AI’* concentration. *’Al magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy showed that A" occupied Ga®" positions and the
ratio of AP’*(IV)/ AI**(VI) was about 1:3. The transmittance spectra were measured to investigate the bandgap of p-(Al,

l3+

Ga),0; mixed crystals. Results showed that the bandgap increased continuously with the AI”" concentration increasing

from 4.72 eV to 5.32 eV, which may extend the application of -Ga,0; crystal in optoelectronic devices operating at

shorter wavelength.
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According to Geller'"), the crystalline-structure of beta
gallium oxide (B-Ga,0;) belongs to the monoclinic system
with a base centered space group C2/m and the
lattice parameters are a=1.2214 nm, »=0.30371 nm, c=
0.57981 nm and p=103.83°*) The bandgap of B-Ga,0; is
about 4.8 eV, making it transparent from deep ultra
violet (DUV) to infrared region (IR), where the cutoff
wavelength is about 260 nm. The crystalline B-Ga,O; is of
high chemical and physical stabilities. The high quality
and large-size single-crystalline B-Ga,O; bulk substrates
can be obtained through simple and low-cost melt growth
methods such as optical floating zone method?), edge-
defined film fed growth (EFG) method™ and Czochralski
method™®), which has positioned it as a strong candidate
for next generation optoelectronic devices operating at
shorter wavelength such as ultraviolet transparent electrodes!”,
photodetectors[8'9], conductive windows!'?!,  field-effect
transistors (FETs)!'"! and also high temperature oxygen
sensors!'>'¥. However, all of these achievements should
have a premise: the bandgap engineering. Tunable bandgap is
highly desired because it allows great flexibility in
designing and optimizing these devices. By doping indium
and aluminum, Zhang, et al™>1® and other authors!'’'"!
have reported bandgap tunable (Ga, In),O; and (Al, Ga),04
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films. But there are no other articles which report the
bandgap tunable B-Ga,O; crystals. In this paper, B-
(Al, Ga),0; mixed crystals with different A" concen-
trations were grown by the floating zone technique and
their crystal structure and transmittance spectra are
investigated.

1 Experimental

1.1 Crystals growth and processing

B-(Al, Ga),0; mixed crystals were grown by the optical
floating zone (OFZ) method. B-Ga,0; powder with grade
of 5N (99.999%) purity was used as the starting material,
and mixed in mortar with Al,O; powder (purity 99.999%).
The nominal AI*" concentration (mole ratio of Al/(Al+Ga))
in the mixed powder is x,= 0.09, 0.17, 0.23, 0.26. The feed
rods were pressed by traditional ceramic processes. These
mixed powders were compressed by cold isostatic
pressing under a pressure of 210 MPa for 2 min and
subsequently sintered at 1500°C for 20 h in dry air. The
sintered rods were about 70-80 mm long and 6—7 mm in
diameter. B-(Al, Ga),0; mixed crystals were grown by the
optical floating zone technique using a Quantum Design
IRF01-001-00 infrared image furnace. The speed of the
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crystal growth was 5 mm/h, and the rotation of the seed a) e =
crystal and feed rod was 15 r/min in opposite directions. 2@ BN T O
The crystal were grown under the dry air flow with a rate ﬂl
of 0.2 m*/h. Annealingat 1100°C for 32 h were carried out B 23 a
for the samples in air. After annealing, the samples were ,0; §a,0; Ga,0; Ga,0;
cooled down to room temperature slowly and cut along a SI0m = siIom
(100) plane. The samples were mechanically polished into —
0.4 mm-thick wafers parallel to B-(Al, Ga),0; (100) plane. }
1.2 Characterizations -“W" T |

The concentration of AI’" in the mixed crystals was m
determined by PerkinElmer 7300Dv inductively coupled
plasma (ICP) atomic emission spectrometry. The structure 3 Ga;05 Ga,0; Ga,
of the mixed crystals were examined by conventional 6-26 = IO e SIOm
X-ray diffraction (XRD, Ultima IV Diffractometer, Rigaku, -:
Japan) using Cu K, emission line (A=0.154060 nm, 40 kV, © Sy
40 mA). “’Al MAS-NMR spectra were carried out on 203 G - I v’y 1'320"1'
Bruker Avance-500 spectrometer at the magnetic field i ﬂm@%@

strengths of 11.7 and 7.04 T, using a 4 mm rotor. The
resonance frequency is 14 kHz, using pulse length of 1.0 ps
(30° solid pulse length) and relaxation time of 1 s. The
structure refinement was performed by Rietvld method
with GSAS/EXIGUI software.
spectra were measured with a PerkinElmer Lambda 750

Optical transmittance

UV/VIS/NIR spectrometer at room temperature.

2 Results and discussion

The B-(Al, Ga),0; mixed crystals doped with different
ATP*" concentrations are shown in Fig. 1. The crystals are
colorless and transparent. The size of them is about 35 mm
in length and 6 mm in diameter. When the nominal doping
AT*" concentration is about 0.26, cracking appears.

The AP’" concentration in mixed crystal detected by
ICP (x) versus AI’" concentration in mixed powder (xp) 1s
displayed in Fig. 2. The concentration of AI’ in the mixed
crystals is greater than the nominal concentration, which is
due to the volatilization of Ga,O;. The experimental
results can be fitted by a linear function x = 1.33x,. From
this function, we can see that the concentration of AI*" in
mixed crystals linearly scale up with the nominal AL’
doping concentration in mixed powders. The results
indicate that desired compositional B-(Al, Ga),O; mixed
crystals can be obtained easily through changing the A’
concentration in mixed powders, making it possible to
design B-(Al, Ga),0;based devices as the microstructures
and properties of semiconductor materials strongly depend
on the composition.

Figure 3(a) shows the powder XRD patterns of
B-(Al,Ga;,),05 (x = 0, 0.12, 0.31) mixed crystals. Fig. 3(b)
is the final observed, calculated and difference profiles for

203 3203 Ga203 GaIOJ {

Fig. 1 Pictures of B-(Al, Ga),0; mixed crystal ingots doped
with different Pictures of A" concentrations
(a) 0.09; (b) 0.17; (c) 0.23
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Fig. 2 AP’ concentration in mixed crystal x vs A" concen-
tration in mixed powder x,,

Rietveld refinement of the P-(Alg.12Gag.55)203
structure. Results show that pure monoclinic phase with
space group of C 12/m 1 (No. 5) have been obtained.
The refinement for B-(AlGa;,),0; (x = 0, 0.12, 0.31)
converged while goodness of fit (y’) was 2.67, 7.10 and
10.6, respectively. The refined lattice parameters are listed
in Table 1. The lattice parameters of a, b and ¢ decrease
while B increases a little with the increasing of AI*
concentration, consistent with the experimental report of
(Al, Ga),05 film™®. Thus the volume (V) of crystal cells
decreases, indicating that the smaller A’ has occupied the
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Fig. 3 (a) Powder XRD patterns of f-(Al,Ga,_,),0; (x =0, 0.12, 0.31) mixed crystals and (b) The final observed, calculated and differ-
ence profiles for Rietveld refinement of the B-(Al 1,Gag g3)>O; structure

Table 1 Refined lattice parameters for f(Al,Ga;4),0;3 (X =0, 0.12, 0.31)

a/nm b/nm ¢/nm BIC) V/nm®
B-Ga,05 1.22289(3) 0.303736(16) 0.580719(19) 103.842(3) 0.209436(11)
B-(Aly1,Gag 55),05 1.21859(2) 0.302667(18) 0.579099(18) 103.917(3) 0.207316(13)
B-(Alg31Gag 69)20; 1.21173(4) 0.30040(3) 0.57660(3) 104.003(4) 0.203646(18)

crystal position of Ga®* to form mixed crystal structure.

A1 MAS NMR spectra of three B-(Al,Ga;.;),0; (x
=0, 0.12, 0.31) mixed crystal samples are shown in Fig.
4. The NMR spectra show well-resolved octahedral and
tetrahedral Al sites. Octahedrally coordinated Al are
found in 6=5-20 and tetrahedrally coordinated Al in
0=48-47. The amount of Al in octahedral position is
larger than that in tetrahedral position. The reason is
that the total energy of B-(Al, Ga),0;is more higher in
the case of AI’" occupying the tetrahedral Ga®" sites!*”.
After integrating the peak intensities, we find that the ratio
of AI¥*(IV)/ AP*(VI) is about 1:3.

Al (V)
Al (1V)
x=0.31
e e
x=0.22
e e J/Kﬂ_ . oy o
J\ x=0.12
e e
100 I 56 (I} —SIU =100
)

Fig. 4 *’Al MAS NMR spectra of series p-(AlGaj.),0; (x=
0.12,0.22, 0.31) samples

The transmittance spectra of B-(Al, Ga),0; mixed
crystals with different A" concentrations (x) is shown
in Fig. 5. A sharp absorption edge which is caused by
the fundamental absorption of light for B-(Al, Ga),0;
mixed crystal is observed. Those absorption edges shift
to shorter wavelength from 255 nm to 228 nm with the
increasing of AI’* concentration x. The bandgap of the
B-(Al, Ga),05; mixed crystals, as shown in the insertion
of Fig. 5, can be obtained by extrapolating the linear
part of (ahv)*~ho to the horizontal axis. Here, ho is the
energy of the incident photon, a is the absorption
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Fig. 5 Transmittance of B-(Al, Ga),0O; mixed crystals with
different Al**concentration in mixed crystals x. The insert is
(ahv)? vs ho plot of B-(Al, Ga),05 mixed crystals with different
AP concentration in mixed crystals x
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coefficient which can be calculated by the standard
relation taking the thickness of the mixed crystals into
consideration. The absorption coefficient increases
rapidly at the photon energy range 4.72-5.32 eV depe-
nding on the AI** concentration in mixed crystals x.
The good fit between (ahv)*~ho and the straight line
indicates that the absorption in this energy region is
due to the direct transition'™. This result is different
from the recent research which showed the existence
of indirect transition!*'**!. This difference comes from
the similar energy of direct and indirect gaps as well as
the weakness of the indirect transitions. It is generally
recognized that the bandgap (£,) of alloy on doping
concentration x can be expressed as!>* 4
E,(eV)= A+Bx+Cx* ()
Fig. 6 is the dependence of bandgap of B-(Al, Ga),0;
mixed crystals on AI’" concentration x, From which we
can see that the bandgap of -(Al, Ga),O; mixed crystals
increases continuously with the AP’ concentration
Through polynomial fitting, we can get a function
relationship:
E, (eV) = —0.88x°+2.24x+4.72 ()
It shows that the bandgap of B-(Al, Ga),0; mixed
crystals could be tuned by the concentration of Al’,
which provides a method to design optoelectronic devices

based on this crystal material.

3 Conclusion

Wide bandgap semiconductors B-(Al, Ga),0; mixed
crystals with different AI** concentrations were grown
by the optical floating zone(OFZ) method. Powder
XRD patterns and *’Al MAS NMR spectra reveal that
there are no foreign phases and Al occupies the
octahedral and tetrahedral Ga positions with a ratio of
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Fig. 6 Bandgap of B-(Al, Ga),0O; mixed crystal vs A" concen-
tration in mixed crystals x

about 3:1. The maximum nominal doping concentration
of AI’" is about 0.26. The bandgap of B-Ga,O; single
crystals can be changed from 4.72 eV to 5.31 eV
continuously through doping different concentrations of
AP**, which provides a method to design optoelectronic
devices based on this crystal material.
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