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Undoped and Si-doped AlGaN/AlN multiple quantum wells (MQWs) were grown on AlN/Sapphire templates by

metalorganic phase vapor epitaxy. High-resolution x-ray diffraction measurements showed the high interface quality of

the MQWs little affected by Si-doping. Room-temperature (RT) cathodoluminescence measurements demonstrated a

significant enhancement of the RT deep ultraviolet emission at about 240 nm from the AlGaN/AlN MQWs by Si doping.

The mechanism of the improved emission efficiency was that the Si-doping partially screens the internal electric field

and thus leads to the increase of the overlap between electron and hole wavefunctions. Further theoretical simulation

also supports the above results.
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1. Introduction

Deep ultraviolet (DUV) optoelectronic devices
based on III-nitrides with emission wavelength below
340 nm have attracted much attention because of their
many promising potential applications in environmen-
tal, biological and information fields, such as air–water
purification, biosensors and non-line-of-sight commu-
nication, high density storage, and so on.[1] However,
at present, the efficiency of DUV devices, especially
DUV light emitting diodes (LED), is much lower than
that of blue devices.[2] Several methods have been re-
ported to improve the efficiency of the DUV devices by
different researchers.[3−5] Khan’s group has developed
a migration enhanced epitaxy metal organic vapor
phase epitaxy (MOVPE) technique and strain man-
age engineering to reduce the defect formation and
thus to obtain quite high-quality MQWs with high
Al-content, which results in an enhancement of DUV
emission.[3] Growth of AlGaN/AlN MQWs on AlN
bulk substrate by conventional MOVPE has also ob-

tained high emission intensity at 260 nm.[4] Also it
has been reported a significant increase of the 280-
nm DUV cathodoluminescence (CL) emission from
the AlGaN MQWs due to the formation of AlGaN
quantum dots in the well region.[5] Taking the ad-
vantage of high quality Al-rich MQWs, it is essential
to obtain highly efficient DUV emission by decreas-
ing the effect of internal polarization field. Recently,
it has been reported that strong emission intensity
can be realized by optimizing the well width of Al-
rich MQWs to weaken the internal polarization field
effect.[6] However, the most attractive method is the
fabrication of the nitride-based DUV devices on non-
polar or semi-polar homo-substrates.[7,8] At present,
there are some technical obstacles on growing high-
quality and large-area non-polar or semi-polar homo-
substrates and thus there is a long way to go on fabri-
cating devices on non- or semi-polar bulk substrates.
In this study, we proposed another approach, i.e. dop-
ing engineering, mainly Si-doping, to control the in-
ternal polarization electric field in the MQW active
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region of the DUV-LEDs to enhance the DUV emis-
sion. This approach has been proved to be effective
in case of InGaN/GaN MQWs and GaN/AlGaN.[9,10]

Our CL measurements confirm a great improvement
of the DUV emission at about 240 nm from the MQWs
with Si-doping.

2. Experimental

Six periods AlGaN/AlN MQWs were grown by
MOVPE on 1-µm thick AlN/Sapphire template. A
set of Si-doped AlGaN/AlN MQWs with different
dopant position was grown to investigate the influ-
ence of Si-doping on the structure and optical prop-
erties of AlGaN/AlN MQWs. The growth tempera-
ture and pressure for all samples were 1180 ◦C and
40 Torr (1 Torr=133 Pa), respectively. TMA, TMG,
CH3SiH3 and ammonia (NH3) were used as the source
of Al, Ga, Si and N, respectively. High-resolution x-
ray diffraction (XRD) and cathodoluminescence (CL)

were employed to characterize the structure and opti-
cal properties of the MQWs.

3. Results and discussion

Figure 1 shows the reciprocal space maps of (10–
15) reflections of the AlGaN/AlN MQWs without and
with Si-doping in well layers. The inclined dashed line
represents stress free reciprocal lattice points and the
vertical dashed line stands for coherent reciprocal lat-
tice points. According to Fig. 1, the coherence does
not change with doping; moreover, besides the zero
peak and ±1st satellite peak, a weak –2nd satellite
peak is also observed for the MQWs with Si-doping
in well layers. But for the MQWs without doping,
besides the zero peak, only a weak –1st is observed.
Thus, the Si-doping can improve the interface quality
of the MQWs in certain degree. Furthermore, the well
and barrier width are extracted to 6 nm and 7 nm and
the Al-content is about 0.7 from the XRD measure-
ments.

Fig. 1. Reciprocal space maps of (10–15) reflections of the AlGaN/AlN MQWs (a) without Si-doping and (b)

with Si-doping in well layer.

Figure 2 depicts the room-temperature (RT) CL
spectra of the AlGaN/AlN MQWs with different
dopant positions. For comparison, the inset of Fig. 2
shows the CL spectra of undoped and well-doped Al-
GaN/AlN MQWs. The CL intensity is enhanced with
Si-doping, especially for the dual-doped MQWs, for
which the CL intensity is drastically improved. The

enhancement of CL spectra with Si doping is at-
tributed to the increasing overlap between the electron
and hole wavefunctions since the internal polarization
electric field has been screened by carriers originat-
ing from the Si doping. Further measurements under
different E-beam current of CL have been carried out
(Fig. 3). It can be seen that the emission peaks of
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AlGaN/AlN MQWs shift to high energy side with in-
creasing E-beam current. The quantity of shift is dif-
ferent for different dopant positions. With increasing
the E-beam current, the shift is 30 meV for the well-
doped MQWs, 21 meV for the barrier-doped MQWs
and 12 meV for the dual-doped MQWs, which implies
that the internal polarization electric field is differ-
ent for different dopant positions, that in the dual-
doped MQWs it is the smallest, and in the barrier-
doped MQWs it is smaller than that in the well-doped
MQWs.

Fig. 2. CL spectra of the AlGaN/AlN MQWs with Si-

doping in different positions. The inset shows the CL spec-

tra of undoped and well-doped AlGaN/AlN MQWs.

Fig. 3. Dependence of peak energy of the AlGaN/AlN

MWQs on the E-beam current of CL.

To further explore the physical mechanism of
the Si-doping effects on optical property of the Al-
GaN/AlN MQWs, the MQWs band diagram is cal-
culated by solving the Poisson–Schrödinger system of
equations self-consistently using the method of finite
differences. The process is as follows: we simply con-
sider a twofold degenerate valence band consisting of

heavy and light holes of the same isotropic effective
mass. The eigenenergies Ei

c,v and envelope ψi
c,v of the

electron and hole subbands can be calculated from
the one-dimensional (1D) effective-mass Schrödinger
equation:
[
− ~

2

2
d
dz

1
m∗

c,v(z)
d
dz

+ Vc,v(z)
]
ψi

c,v(z) = Ei
c,vψ

i
c,v(z),

where m∗
c,v are the electron and hole effective mass,

respectively, and the conductor-band discontinuity
∆Ec = (0.7)∆Eg.[11] The potential energy is given
by

Cc,v(z) = ∆Vc,v(z) + VH(z) + Vxc(z),

where Vc,v(z) are the edges of conduction and valence
bands in bulk host-materials, respectively; VH(z) is
the Hartree term of the potential energy due to non-
uniform carriers distribution; Vxc(z) is the exchange–
correlation potential. The exchange–correlation po-
tential Vxc(z) can be calculated in the framework of
the local density approximation (LDA) in the Kohn–
Sham density functional theory (DFT).[12] To obtain
the Hartree potential it is necessary to solve Poisson’s
equation:

ε0
∂

∂z
ε(z)

∂

∂z
φ(z) =−e0(p(z)− n(z) + N i

d(z)−N i
a(z))

+σ(z)δ(z − zi),

where p(z), n(z) are the hole and electron concentra-
tions; N i

d(z), N i
a(z) are the ionized donor and acceptor

dopant concentrations respectively.
The dependence of the ionized dopant concentra-

tion on the temperature can be found by the following
formulae:

N i
d(z) =

Nd(z)
1 + 2 · e(Fc+Ed)/kBT

,

N i
a(z) =

Na(z)
1 + 4 · e(Fv−Ea)/kBT

,

where Nd(z), Na(z) are the donor and acceptor con-
centrations; Fc, Fv are the Fermi quasi-levels for the
electrons and holes; Ed, Ea are the ionization energies
of donors and acceptors respectively; T is the lattice
temperature. To calculate the charge concentration,
p(z), n(z), N i

d(z), and N i
a(z), the Fermi energy should

be known. Some authors have suggested an imaginary
Fermi energy. And we take the charge balance condi-
tion, suggested by B. Gogai to determine the Fermi
energy,[13] which can describe our phenomena more
accurately:

p(z)− n(z) + N i
d(z)−N i

a(z) = 0.

127801-3



Chin. Phys. B Vol. 19, No. 12 (2010) 127801

Especially, it is worth while noting that σ(z) is the
sheet charge induced by the piezoelectric polarization
Ppiezo and spontaneous polarizations Pspont which is
the intrinsic cause that separates hole and electron
envelop to decrease the internal quantum efficiency,

σ(z) = Ppiezo + Pspont.

The spontaneous polarization is determined by the
material properties, and the XRD ω–2θ scan results
are used to calculate the stress in the MQWs and
then to deduce the piezoelectric polarization. The re-
lated parameters can be found in Refs. [14] and [15]
and the results are exhibited in Fig. 4. The polar-
ization charge induces high internal field as large as
2.25 MV/cm, which makes the energy band inclining.
Under the effect of the field, the free charge (electron
and hole) accumulates at the energy lowest-point and
highest-point, respectively, which induces a static po-
tential opposite to polarization field to bend energy
structure and thus partially screens the polarization
field. The degrees of bending and screening are deter-
mined by the accumulated charge density. Our sim-
ulations reveal that only when the charge density is
larger than 1 × 1019 cm−3, can the energy structure

show distinct bending, which is similar to the simula-
tion results of GaN/AlGaN.[15] Then, in undoped Al-
GaN/AlN MQWs, the energy band forms a typical tri-
angle force structure and electron and hole wavefunc-
tions are spatially separated, which greatly reduces
the transition probability (Fig. 4). For 1× 1020 cm−3

Si doping in well, the energy band in well is bent dis-
tinctly by the static potential which partly screens the
polarization fields. At the same time, the energy-band
still keeps quasi-linear in the barrier. However, with
the same concentration of Si doped in the barrier, the
energy structures in both the well and the barrier are
bent greater and the screen effect of static charge is
larger. Due to larger effective mass, the hole wavefun-
tion localization by the polarization fields is very weak
so that the wavefunction slightly moves towards the
centre, which enhances the overlaps of electron and
hole wavefunction. The Fiorentini results also prove
that hole wavefunction is hard to be localized in Al-
GaN/GaN MQWs.[16] Dual-doping further screens the
polarization field and the energy is close to the flat-
band structure. The transition energy of the highest
hole level and lowest electron level is shown in Fig. 5.

Fig. 4. Energy band structure and wavefunction of (a) undoped MQWs; and (b) well-doped MQWs; (c)

barrier-doped MQWs; (d) dual-doped MQWs.
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The simulations well fit with the CL measurement
results: the well-doped sample has shift to high energy
side and the dual-doped sample has larger shift, and
the barrier-doped sample has the largest shift. This
phenomenon is attributed to the screen effect of high
concentration charges induced by doping. The slight
difference in values mainly due to the calculation er-
ror and measurement errors. Additionally, the non-
equilibrium carrier charges induced by the CL mea-
surements are excluded in our simulations, which is
another factor causing the difference between the sim-
ulations and CL measurements. The transition prob-
ability is the squared overlap of the electron and hole
wavefunctions,[17,18] and then the product of highest
hole level and lowest electron level wavefunctions is
exhibited in Fig. 5.

Fig. 5. The transition energy of the highest hole level

and lowest electron level, the wavefunction product and

the peak energy measured by CL.

The well doping increases the transition proba-
bility. And the barrier doping greatly increases the

transition probability because the hole localization is
weakened and the wavefunction moves towards the
centre of MQWs. At last, the transition probability is
further enhanced in dual-doped MQWs. This result
is basically in agreement with the CL measurements.

4. Conclusion

Undoped and Si-doped AlGaN/AlN MQWs were
grown by MOVPE. The effect of Si-doping in different
positions of the MQWs was investigated by HRXRD
and CL. The HRXRD results showed that the Al-
GaN/AlN MQWs have high interface quality and Si-
doping has no obvious influence on the crystalline
quality of the MQWs. RT–CL measurements demon-
strated a significant enhancement of the RT deep UV
emission at about 240 nm for the AlGaN/AlN MQWs
with Si doping. The mechanism of the improvement
of luminescence efficiency was interpreted by partial
screening of the internal polarization electric field by
the Si-doping and thus resulting in the increasing of
the overlap between the electron and hole wavefunc-
tions. Furthermore, the MQWs band diagram was
calculated by solving the Poisson and Schrödinger
equations; and the simulation showed that the en-
ergy band begins to bend at a doping concentration of
1× 1019 cm−3, which further evidenced the reliability
of ours.
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Appl. Phys. Lett. 68 2541
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