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This paper reports that cathodoluminescence (CL) measurements have been done to study the alloy fluctuation

of the Alp.3Gag.7N layer in Alg.3Gag.7N/GaN heterostructures. The CL images and linescanning results demonstrate

the existence of compositional fluctuation of Al in the Alg.3Gag 7N barrier. A model using a §-shape perturbation

Hamilton function has been proposed to simulate the scattering probability of the two dimensional electron gases

(2DEG) induced by Al composition fluctuation. Two factors, including conduction band fluctuation and polarization

electric field variation, induced by the Al composition fluctuation have been taken into account. The scattering relaxation

time induced by both factors has been estimated to be 0.31 ns and 0.0078 ns, respectively, indicating that the variation
of the piezoelectric field is dominant in the scattering of the 2DEG induced by Al fluctuation.
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II-nitride semiconductors have attracted much
interest during recent decades due to their applica-
tions in optoelectronic devices and microwave power
devices.[1+2] Al,Gay_,N/GaN heterostructure field-
effect transistors (HFETSs) have attracted consider-
able attention for their promising use in high-power
and high-temperature microwave electronics fields be-
cause of the unique properties of III-nitrides, including
wide band gaps, high electron saturation velocities,
and high critical breakdown fields.®4 It is a com-
mon phenomenon that composition fluctuation exists
in most compounds of ITI-V ternary semiconductors.
Up to now, many reports have focused on composition

5.5-9 But there are

fluctuation in In, Ga;_,N material
few reports on the research of composition fluctuation
in Al,Ga;_,N alloys. Due to the large bandgap off-
set and polarization-induced electric field, the Al com-
position fluctuation will cause large conduction band
fluctuation and polarization electric field variation.
Both factors above will strongly influence the scatter-
ing of the two-dimensional electron gas (2DEG) in the
channel, which is the basis of fabricating the HFETs.

A lot of scattering behaviour has been researched by

many groups, including acoustic and optical phonons,
ionized impurities, alloy disorder.'%=1% However, few
reports have discussed scattering behaviour induced
by Al composition fluctuation.

In this study, cathodoluminescence (CL) mea-
surements at low temperature have been done to
demonstrate the existence of Al composition fluctu-
A model has been
proposed to describe the Al composition fluctuation

ation in the Al,Ga;_,N layer.

in the Al,Ga;_.N layer, which is used to simulate the
scattering behaviour of the 2DEG in Al, Ga; _,N/GaN
heterostructures. The scattering relaxation time in-
duced by this mechanism is finally calculated by the
combination of the measurements and the model.
The Al,Ga;_,N/GaN heterostructures for the
CL measurements were grown by using metal-organic
chemical vapour deposition on the (0001) surface of
sapphire substrates. A nucleation GaN buffer layer
was grown at 488 °C, followed by a 2.0-pm-thick un-
intentionally doped GaN layer deposited at 1071 °C.
Then, an unintentionally doped Alp3Gag 7N layer
with a thickness of 30 nm was grown at 1080 °C. The
composition of Al in the barrier is 0.3 according to the

*Project supported by the National Natural Science Foundation of China (Grant Nos 10774001, 60736033 and 60628402), and
National Basic Research Program of China (Grant Nos 2006CB604908 and 2006CB921607).

TE-mail: bshen@pku.edu.cn
http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



No. 5

Scattering behaviour of a two-dimensional electron gas induced by Al composition fluctuation in ... 2003

x-ray diffraction results. The measurements were per-
formed on a Hitachi 4200 scanning microscope with a
CL system (Horiba, Japan)'®l with an electron beam
of 5 kV and 500 pA at 63 K on a liquid helium stage.
The CL spectra were recorded in a charge-coupled de-
vice, while the monochromatic CL images were taken
by a photomultiplier tube.

Figure 1 shows the CL spectrum of an
Alp 3Gag 7N/GaN heterostructure measured at 63 K.
Two peaks with different intensities are observed at
the wavelengths of 363 nm and 296 nm, respec-
tively. The stronger peak at 363 nm is from the GaN
layer, while the weaker one at 296 nm is from the
Aly 3Gag 7N layer.
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Fig.1. The CL spectrum of an Alg.3Gag.7N/GaN het-

erostructure measured at 63 K. Two peaks at 363 nm and

296 nm are corresponding to GaN and Alp 3Gag.7N, re-

spectively.

Figure 2 shows four images of an

Alp 3Gag 7N/GaN heterostructure measured at 63 K.
Figure 2 (a) is a normal scanning electron microscope
(SEM) image, and the others are monochromatic CL
images at the wavelength of 296 nm (b), 293 nm (c)

Fig.2. SEM image (a), and monochromatic CL images
measured at 63 K on the same area of 6 x 6 um? on the
surface of an Alp.3Gaog.7N/GaN heterostructure at 296 nm
(b), 293 nm (c), and 299 nm (d), respectively.

and 299 nm (d), respectively. Although the SEM im-
age shows a perfect surface, the CL ones show the
fluctuation in the luminescence intensity at different
locations, which are attributed to the shift of the peak
position of Aly.3Gag 7N, neglecting the strain variation
in the small area.

Figure 3 shows a line scanning CL measurement
on an Al 3Gag7N/GaN heterostructure with a scan-
ning step of 1 um. The results show the evident shift
of the Aly.3Gag 7N peaks, which directly indicates the
existence of Al composition fluctuation in Aly 3Gag 7N
layer. This result is consistent with the monochro-
matic CL images.
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Fig.3. The CL line scanning on the surface of an
Alg.3Gag.7N/GaN heterostructure measured at 63 K. The
shift of the peak position around 296 nm is observed at
different scanning locations.

A model is proposed to describe the composi-
tional fluctuation in Al,Ga;_,N. In a homogeneous
Al,Ga;_.N layer, the Al composition is constant ev-
erywhere because of the periodic distribution of the
Al atoms. However, once this periodicity is destroyed,
which is the actual case during the growing procedure
at a high temperature, there will be exhibited compo-
sition fluctuation in the alloys.

In our model, we choose a §-shape perturbation
Hamiltonian to describe the spatial Al fluctuation, as
shown in Fig.4. In the two-dimensional case, it is writ-
ten as

1= 3 46(@)0(), 1)

where the parameter A;; we define here will be de-
termined in the CL experiments and the xy plane is
parallel to the 2DEG plane. In an Al,Ga;_,N/GaN
heterostructure, a plane wave function is assumed to
describe the 2DEG. Thus, based on the quantum scat-
tering theory,'7=19 the scattering matrix is defined as

Mk’k:/wk’H/kav (2)
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where vy, 1y represent the incoming wavefunction
and emergent wavefunction of the 2DEG, respectively.
The x and y axis are totally equivalent for the 2DEG,
to simplify, thus the wavefunction of the 2DEG can
be written as

W, = ——eitr, (3)

1 . .
where — represents the normalized parameter in the
nro
given structure, zg is the period of the composition
fluctuation in one direction, and k is the wave vector.

So, My, is written as

My, :/y./k/H,y./k
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Fig.4. A proposed §-shape perturbation Hamilton model
for calculating the scattering relaxation time of the 2DEG.
The parameter zg is the period of the d-shape perturba-
tion, which is also linked to the CL line scanning mea-
surement. In order to compare this model with the exper-
iment, the parameter AVZ.’;WTQ is used to replace A;; in
the model in the condition of the same integration.

In CL experiments on the Alg 3Gag7N/GaN het-
erostructure, further parameters can be acquired. The
existing Al composition fluctuation is not a precise 4-
shape perturbation as we expect. What we used here
is CL measurement as a detection method by an ac-
celerating electron beam, which has an excited area
in the structures. Monte Carlo simulation has been
done by Casino to describe the trajectory of electrons
at 5 kV, as shown in Fig.5. The radius of the ex-
cited area r is about 100 nm based on the simulation

5.2021] Tn an ideal d-shape barrier,

and previous result
the height trends to oo, while the width trends to 0.
The integration of ¢ in the whole area is 1. When

the fluctuation height is AV;; and the excited area

in Alg.3Gag.7N is assumed as 772, the equivalent pa-

2. The parameter AV;; is

rameter of A;; is AV*nr
determined to be |Vij — V‘, just as shown in Fig.4.
Based on the above explanation, some CL experimen-
tal parameters are introduced to the model. Thus, the

scattering matrix is

%AZJ 7TT2 7TT2—
My = —5—= = WZ |AVi;| = ?AVU, (5)
0 0

2
n=xy x

where the parameter A—VU is the statistical average
parameter for all scanning points of the structure. By
using the Fermi golden rule in the scattering theory,
the scattering probability of the 2DEG induced by Al
composition fluctuation in the Al,Ga;_,N layer is de-

termined to be

where 9 = 1 um is determined by the measurements.
Besides, some of the parameters can be determined
by the given Al,Ga;_,N/GaN heterostructure.?223]
By using the self-consistent Schrodinger equation and
Poisson equation, at a given Al composition in an
Al,Ga;_,N/GaN heterostructure, the ground band of
the 2DEG in the triangle well is given as

B 9rhe?  ng(w) 2
Ek(x) - lgeo 8m*($) € .I) ‘| 5

(7)

where ¢ is the dielectric constant of the material,
m* = 0.22myg is the effective mass of the 2DEG, and
ns is the sheet concentration of the 2DEG.[22 Tn the
case of 0.3 Al composition in the Al,Ga;_,N/GaN
heterostructure, the sheet concentration ng is closed as
1.51 x10"3 cm™2. The dielectric constant € is 9.35 and
the ground band energy of the 2DEG E}, is 0.36 eV.
Two scattering mechanisms induced by the Al
composition fluctuation have been considered in the
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Fig.5. Monte Carlo simulation of the electron trajectory
in Alp.3Gag.7N/GaN structures at 5 kV.
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Al,Ga;_,N/GaN heterostructure, conduction band
fluctuation and polarization electric field variation.
Statistics of the CL line scanning has been done.
An effective fluctuation magnitude of the conduction
band in the Aly3Gag 7N barrier is determined to be
0.011 eV, when it is assumed that 70% of the bandgap
offset locates on the conduction band, based on the
CL line scanning measurements. Therefore, the scat-
tering probability of the 2DEG induced by the fluc-
tuation of the conduction band is calculated to be
3.2 x 10% s71, and its corresponding scattering relax-
ation time is 0.31 ns. Moreover, based on the sta-
tistical work before, we calculate an average of com-
position fluctuation of Al in the Alg3Gag 7N barrier
in the Aly 3Gag 7IN/GaN heterostructure, the result is
0.007. By using basic equations in the calculation of
the polarization filed, the variation of the polariza-
tion field induced by composition fluctuation has a
magnitude of 3.6 x 10* V/em.[?)/ An average of the
2DEG thickness is chosen to be 2 nm. Therefore, the
variation of polarization field will lead to an effective
energy variation of 0.07 eV. In this case, the scatter-
ing probability of the 2DEG induced by the variation
of the polarization electric field is determined to be
1.3 x 10 57!, and its corresponding scattering relax-
ation time is 0.0078 ns. Therefore, in both factors in-
duced by Al composition fluctuation, the influence of

variation of the polarization electric field is considered
to be dominant. In the previous report, the scattering
relaxation time influenced by the surface roughness is
of the same magnitude of order as that influenced by
the variation of the polarization field.[24:25]

In conclusion, the scattering behaviours of the
2DEG induced by Al composition fluctuation of the
Alp 3Gap 7N layer in an Aly 3Gag.7N/GaN heterostruc-
ture is investigated by means of CL measurements at
low temperature and simulated by a proposed model.
An average fluctuation of Al in the Aly 3Gag 7N bar-
rier in the Alg 3Gag.7N/GaN heterostructure is simu-
lated to be 0.007. Two factors, including conduction
band fluctuation and polarization electric field varia-
tion, induced by Al composition fluctuation have been
taken into account. The scattering relaxation time in-
duced by both factors has been estimated to be 0.31 ns
and 0.0078 ns, respectively, which indicates that the
variation of the piezoelectric field is dominant to the
scattering of the 2DEG induced by the Al fluctuation.
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