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We investigated the distribution of luminescence in Si-doped AlxGa1�xN/AlyGa1�yN multiple

quantum well (MQW) structures (x¼ 0.6) with different Si concentrations by cathodoluminescence

(CL) mapping combined with scanning electron microscopy. The effects of surface morphology,

dark spot density, and full width at half-maximum of spot CL spectra on internal quantum effi-

ciency (IQE) were determined. A flat surface morphology and uniform CL map were observed for

Si-doped AlGaN MQWs, in contrast to undoped AlGaN MQW and Si-doped AlGaN with relatively

low Al content. The dark spot density in the Si-doped AlGaN MQWs increased exponentially as

the Si concentration increased and did not explain the Si concentration dependence of IQE. In con-

trast, there was a clear correlation between the dark spot density and IQE of the AlGaN MQWs at a

constant Si concentration. The emission energy distribution arising from the inhomogeneity of the

relative Al content and the well layer thickness was estimated by monochromatic CL measure-

ments, although there was almost no difference in the distribution for different Si concentrations.

Therefore, the previously reported dependence of the defect complexes on Si concentration is

reflected in the IQE of Si-doped AlGaN MQWs. Defect complexes composed of cation vacancies

and impurities rather than dislocations and interfacial quality are the major contributor to the IQE

of the Si-doped AlGaN MQWs with different Si concentrations. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904847]

I. INTRODUCTION

AlxGa1�xN ternary alloys are attractive candidates for

ultraviolet (UV) light emitters and detectors. UV emitters

that produce light at the most effective germicidal wave-

length of 265 nm, where UV absorption by DNA is highest,

could be used for sterilization. Excitons in wide-gap semi-

conductors have a large exciton binding energy, which is

comparable to room temperature (RT) thermal energy.

Recently, biexciton (excitonic molecules) luminescence of

the Al0.61Ga0.39N ternary alloy was observed at RT and its

binding energy was measured as 56 6 4.4 meV.1 Thus,

AlxGa1�xN ternary alloys with a relative Al content (x) of

around 0.60, which corresponds to their spectral wavelength

of around 265 nm, are important for both device applications

and optical physics. The internal quantum efficiency (IQE)

of Al-rich AlGaN ternary alloys is drastically reduced at

shorter wavelengths.2–4 The IQE of AlGaN ternary alloy

also depends strongly on dislocation density.5,6 Recently, the

efficiency of deep UV AlGaN based light-emitting diodes

(LEDs) has been increased by the improvement of growth

techniques and the development of high-quality substrates.2

However, the emission efficiency of LEDs is still low

because the large activation energy of the acceptors results

in high resistivity of p-type Al-rich AlGaN. In an alternative

approach, electron-beam-pumped UV light sources have

been demonstrated that use hundreds of Al-rich AlGaN mul-

tiple quantum wells (MQWs) as targets and do not require p-

type AlGaN.7,8

Si doping of an AlxGa1�xN epitaxial layer changes its

structural, electrical, and optical properties, including

strain state,9,10 surface morphology,10–13 dislocation incli-

nation,2,13 electrical conduction,14 luminescence inten-

sity,15 point defects,16 and optical polarization.17 The

relationship between these changes is complicated, and the

effects of Si doping in III-nitrides are not fully understood.

It is important to investigate these effects to fabricate high-

efficiency devices. We previously reported the effects of Si

doping on the surface morphology and microscopic distri-

bution of cathodoluminescence (CL) in AlGaN ternary

alloys with a high relative Al content.10 Hexagonal hil-

locks formed as the Si concentration increased, and local

donor-acceptor pair emission around the hillocks was

observed. This type of inhomogeneity in AlGaN ternary

alloys degrades device performance and must be measured

carefully, particularly in thin film quantum devices. The

IQE of Si-doped AlGaN MQW structures has been exam-

ined at different Si concentrations.18 The IQE of AlGaN

MQWs initially increased and then decreased with increas-

ing Si concentration in the well layers. This was explained

by the variation in the interface quality and the concentra-

tion of point defects.a)Email: kurai@yamaguchi-u.ac.jp
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In this work, we studied the Si concentration depend-

ence of the structural and optical inhomogeneities in Si-

doped AlxGa1�xN/AlyGa1�yN MQW structures (x¼ 0.6) by

CL combined with scanning electron microscopy (SEM),

and then the results were compared with the IQE results. We

discuss the relationship between the surfaces, density of

defects, the alloy and thickness inhomogeneity, and the IQE

in Si-doped AlGaN MQW structures.

II. EXPERIMENTAL

The AlxGa1�xN/AlyGa1�yN MQW structures used in

the present work were grown by low-pressure metal-organic

vapor phase epitaxy on c-plane sapphire substrates, follow-

ing the deposition of a 0.8 -lm-thick AlN buffer layer, a

0.2-lm-thick Al-rich AlGaN intermediate layer, and a

0.4-lm-thick Si-doped AlGaN layer.8 Two sample sets of

AlxGa1�xN/AlyGa1�yN MQW structures were prepared. (1)

MQW structures consisting of 100 1.5-nm-thick

Al0.60Ga0.40N well layers separated by 4.7-nm-thick

Al0.74Ga0.26N barrier layers with different Si concentrations

in the well layers and a constant Si concentration of

3.8� 1017 cm�3 in the barrier layers. The Si concentrations

in the well layers were 3.8� 1017, 7.6� 1017, and

1.1� 1018 cm�3. (2) MQW structures consisting of 137, 75,

50, and 38 1.5-nm-thick Al0.60Ga0.40N well layers separated

by 3.0, 7.0, 11.0, and 15.0-nm-thick Al0.70Ga0.30N barrier

layers, respectively, with a constant Si concentration of

3.8� 1017 cm�3 in the well and barrier layers. Si concentra-

tions were estimated from secondary ion mass spectrometry

(SIMS) measurements of AlGaN thin films. The detection

limit of the SIMS measurement for Si concentration is less

than 1� 1016 cm�3. The sample structures of the two sample

sets are summarized in Table I.

CL mapping measurements combined with SEM were

performed with an Oxford Mono-CL2 CL detector attached

to a Hitachi S-4300SE microscope at an acceleration voltage

of 2.5 kV and a sample current of around 150 pA. The SEM

and panchromatic CL measurements were carried out at RT

for comparison with the IQE results. The CL spectroscopic

measurements were carried out at 80 K. The spectral resolu-

tion of the CL spectrum was 60.18 nm, which corresponds

to 63.6 meV around 250 nm. IQEs were evaluated by tem-

perature- and excitation-power-density-dependent photolu-

minescence (PL) spectroscopy. Details of the IQE

measurement method are described in Refs. 18 and 19.

III. RESULTS AND DISCUSSION

Figure 1 shows surface SEM images and panchromatic

CL images of undoped and Si-doped AlGaN MQW struc-

tures at RT. The Si concentration of the Si-doped AlGaN

MQW was 3.7� 1017 cm�3. Hexagonal hillocks were

observed on the surface SEM image of the undoped AlGaN

MQWs, although no specific features were observed on the

surface of the Si-doped AlGaN MQW. In the panchromatic

TABLE I. Summary of sample characteristics. All samples were

AlxGa1�xN/AlyGa1�yN MQW structures deposited on a c-plane sapphire

(0001) substrate with AlN (0.8 lm), AlGaN intermediate layers (0.2 lm),

and a 0.4-lm-thick Si-doped AlGaN layer.

Sample set

1. Different Si

concentration in

well layers

2. Different

barrier layer

thickness

Relative Al

content x
0.60 0.60

Relative Al

content y

0.74 0.70

Well layer thickness

(nm)

1.5 1.5

Barrier layer thickness

(nm)

4.7 3.0, 7.0, 11.0, 15.0

Number of quantum wells 100 137, 75, 50, 38

Si concentration in the

well layer (cm�3)

3.8� 1017, 7.6� 1017,

1.1� 1018

3.8� 1017

Si concentration in the

barrier layer (cm�3)

3.8� 1017 3.8� 1017

FIG. 1. (a) Surface SEM images and

(b) panchromatic CL images of

undoped and Si-doped Al0.60Ga0.40N/

Al0.74Ga0.26N MQW structures taken

at RT.
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CL image, the hexagonal contrast corresponding to the sur-

face morphology and numerous dark spots were observed in

undoped AlGaN MQW structures. In contrast, there were

uniform dark spots and no hexagonal contrast in Si-doped

AlGaN MQW structures.

These results are consistent with the previous study of

strain states in Si-doped AlGaN epitaxial layers, in which

compressive strain was increased and lattice relaxation was

suppressed by light Si doping below a Si concentration of

about 3.7� 1017 cm�3.10 The suppression of lattice relaxa-

tion by light Si doping prevents the introduction of disloca-

tions into AlGaN MQWs.

Flat surfaces and uniform panchromatic CL images

were also observed for Si-doped AlGaN MQWs with higher

Si concentrations in the well layers at RT (Fig. 2). In our pre-

vious studies of AlGaN epitaxial layers, hexagonal hillock

density strongly depended on Si concentration11 and relative

Al content,20 and increased with increasing Si concentration

and with decreasing relative Al content. Hillocks were still

observed in the AlGaN epitaxial layer with a relative Al con-

tent of 0.60 and Si concentration of 3.8� 1017 cm�3, which

are almost same as in the well layers of Si-doped AlGaN

MQWs. We were concerned whether hillocks would form on

these AlGaN MQWs. However, we obtained flat surfaces at

Si concentrations of up to 1.1� 1018 cm�3, probably because

the barrier layers had a higher relative Al content, which

accounts for 75% of total MQW thickness, and arises from

the relatively low Si concentration. Thus, we can now allay

concerns about large structural inhomogeneities in

Al0.60Ga0.40N/Al0.74Ga0.26N MQWs.

The dark spots in the AlGaN MQWs represent threading

dislocations that act as non-radiative recombination centers,

and are related to the IQE.5,6 Discrete dark spots are visible

in the panchromatic CL images in Fig. 2(b). The number of

dark spots increased with the Si concentration. Figure 3

shows the dark spot densities estimated from Fig. 2(b)

plotted as a function of Si concentration. The dark spot den-

sities of the order of 109 cm�2 in AlGaN MQWs were con-

sistent with the estimated threading dislocation density

from x-scan X-ray rocking curves.18 Therefore, dark spot

density observed in panchromatic CL images corresponds to

threading dislocation density. Figure 3 shows an exponential

increase in dark spot density with Si concentration.

This trend is also explained by the increase in the lattice

relaxation in Si-doped AlGaN epitaxial layers with increas-

ing Si concentration at concentrations greater than

3.7� 1017 cm�3.10

FIG. 2. High magnification (a) surface SEM images and (b) panchromatic CL images of Si-doped Al0.60Ga0.40N/Al0.74Ga0.26N MQW structures with different

Si concentrations in the well layers taken at RT.

FIG. 3. Si concentration dependence of IQEs estimated by Murotani et al.18

(filled circles) and dark spot density (filled triangles) of Si-doped

Al0.60Ga0.40N/Al0.74Ga0.26N MQW structures with different Si concentra-

tions in the well layers.
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The IQEs estimated by Murotani et al. for the same

AlGaN MQWs at RT are also shown in Fig. 3.18 The Si con-

centration dependence of the IQE, which initially increases

and then decreases, is different from that of the dark spot

density. To discuss the effects of Si doping on IQE and dark

spot density, SEM and panchromatic CL images of AlGaN

MQWs with different barrier thicknesses, which have a dif-

ferent dislocation density and the same Si concentration,

were obtained at 80 K. Smooth surface and uniform panchro-

matic CL images were obtained for the AlGaN MQWs with

different barrier thicknesses. Figure 4 shows the dark spot

density and IQE of AlGaN MQWs as a function of the bar-

rier layer thickness. The dark spot density increases with the

barrier layer thickness. The dislocation density was probably

altered by the difference in the strain state of AlGaN MQWs

with different barrier layer thicknesses. In contrast to the Si

concentration dependence, reducing the dark spot density in

AlGaN MQW with a constant Si concentration increases the

IQE. This indicates that the dark spots, which act as nonra-

diative recombination centers, still affect the IQE of AlGaN

MQWs at a constant Si concentration. However, there must

be an additional factor that reduces the IQE of AlGaN

MQWs with different Si concentrations. As mentioned

above, Murotani et al. explained the dependence of IQE on

Si concentration by variations in the interface quality and the

concentration of point defects.

To confirm the energetic uniformity of the MQW

structure, CL spectra and monochromatic CL images were

taken at 80 K for AlGaN MQWs with different Si concen-

trations in the well layers. Because the wide area

(26� 19 lm2) integrated scanning CL spectra of AlGaN

MQWs showed a single emission peak around the band

edge, monochromatic CL images were taken at the lower-

energy side at half-maximum, and at the higher-energy

side at half-maximum of the near band edge emission.

Figure 5 shows monochromatic CL images of AlGaN

MQWs with different Si concentrations in the well layer

taken at these energies. The observed distribution in the

emission energy was a few micrometers in size in AlGaN

MQWs, and the regions emitting at the lower-energy side

and the higher-energy side of peak emission energy were

complementary. The spot CL spectra obtained from limited

spot areas were measured at the positions emitting at the

lower-energy side (L1 and L2 in Fig. 5) and the higher-

energy side of peak emission energy (H1 and H2 in Fig. 5).

The spot size was estimated to be around 200 nm from the

acceleration voltage of 2.5 kV. Figures 6(a) and 6(b) show

the peak energy and full width at half-maximum (FWHM)

of the spot CL spectra as functions of Si concentration,

respectively. Those of the scanning CL spectra are also

shown for comparison.

FIG. 4. Barrier layer thickness dependence of IQE (filled circles) and dark

spot density (filled triangles) of Si-doped Al0.60Ga0.40N/Al0.70Ga0.30N MQW

structures with a constant Si concentration in the well layers and different

barrier layer thicknesses.

FIG. 5. Monochromatic CL images taken at 80 K for the Al0.60Ga0.40N/Al0.74Ga0.26N MQW with different Si concentrations in the well layer. Images taken at

(a) the lower-energy side at half-maximum and (b) the higher-energy side at half-maximum of the near band edge emission. The detection energy is also shown

in the upper left of each image.
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In Fig. 6(a), the CL peak emission energies of the Si-

doped AlGaN MQWs with different Si concentrations in the

well layers are different. According to Murotani et al., the

PL peak energy did not change with increasing excitation

power density in Si-doped MQWs, indicating that the effect

of any internal electric field is negligible.18 The shift in the

CL peak energy arises from small differences in Al content

and in in-plane compressive strain, which should relax in Si-

doped AlGaN with increasing Si concentrations greater than

3.7� 1017 cm�3.10 Because the effect of the internal electric

field is expected to be negligible in the Si-doped AlGaN

MQWs, the effect of the change in electron-hole overlapping

on the IQE should be negligible.

The difference in peak emission energy between the

lower- and the higher-energy region of AlGaN MQWs with

a Si concentration of 3.7� 1017 cm�3 was about 0.03 eV.

This corresponds to a variation in well thickness of less than

one monolayer, calculated for a simple one-dimensional well

with a finite barrier, or to the compositional fluctuation of

well layers of less than 1% at a band gap energy of around

5 eV. This was observed for increasing Si concentration up

to a concentration of 1.1� 1018 cm�3 and no significant dif-

ference was observed in the monochromatic CL images. In

Fig. 6(b), the FWHM of AlGaN MQWs with a Si concentra-

tion of 7.6� 1017 cm�3 was slightly narrower, although this

was not a significant difference. The FWHMs of the spot CL

spectra were compared with those of the scanning CL spec-

tra. Because the reduction ratio of the FWHMs of the spot

CL spectra to those of the scanning CL spectra was the same

regardless of the Si concentration, the uniformity of the

emission energy within the spot size, which was estimated

from the acceleration voltage as about 200 nm, did not vary

substantially with the Si concentration. These results indicate

that the fluctuations in the thickness and alloy composition

of the AlGaN MQWs were well controlled, and the energy

fluctuations in the AlGaN MQWs were not affected substan-

tially by changes in Si concentration.

The variation of the IQE with Si concentration in the

well layers was explained by the variation of interface qual-

ity and the concentration of point defects.18 However, the

changes in energy fluctuation with the Si concentration were

very small in the AlGaN MQWs, and it is difficult to explain

the change in the IQE by the interface quality and

composition fluctuation. Thus, the variation of the defect

complex concentration with Si concentration reported by

Uedono et al.16 explains the change in the IQE of AlGaN

MQWs with Si concentration in the well layers. The defect

complexes composed of cation vacancies and impurities may

contribute directly to the IQE of AlGaN MQWs. In sum-

mary, the change in defect complex concentration and dislo-

cation density in AlGaN MQWs affects the IQE, and the

contribution of defect complex concentration to the change

in IQE resulting from Si doping is dominant.

IV. SUMMARY

We investigated the distribution of luminescence in Si-

doped AlGaN MQW structures (x¼ 0.6) with different Si

concentrations by CL mapping and SEM. We compared the

surface morphology, the dark spot densities, and the FWHM

of spot CL spectra with the IQE. Flat surface morphology

and uniform CL map was observed for Si-doped AlGaN

MQWs, in contrast to undoped AlGaN MQW and Si-doped

AlGaN with relatively low Al content. This is because of the

relatively low Si concentration and high Al content of the

samples. In addition, the maximum IQE of the Si-doped

AlGaN MQWs was obtained within the Si concentration of

the samples evaluated in the experiment. Thus, the Si doping

of the AlGaN MQWs has little impact on the evolution of

the surface hillocks and interface roughening in relation to

its use for high-efficiency light sources for sterilization. The

dark spot density in the Si-doped AlGaN MQWs increased

exponentially with the Si concentration and could not

explain the Si concentration dependence of IQE. In contrast,

a clear correlation was observed between the dark spot den-

sity and IQE of the AlGaN MQWs at a constant Si concen-

tration. The emission energy distribution arising from the

inhomogeneity of the relative Al content and the well layer

thickness was estimated by monochromatic CL measure-

ments; however, the distribution was not affected by the Si

concentration. Therefore, the variation of the defect complex

concentration with Si concentration reported by Uedono

et al.16 is mainly reflected in the IQE of Si-doped AlGaN

MQWs. Defect complexes composed of cation vacancies

and impurities, rather than dislocations and interfacial qual-

ity, are the major contributors to the IQE of the Si-doped

AlGaN MQWs with different Si concentrations.

FIG. 6. CL peak energies and FWHMs

of spot CL spectra taken at 80 K as a

function of Si concentration in the well

layers. Spot CL spectra were measured

at the positions emitting at the lower-

energy side (the centers of the white

circles labeled L1 and L2 in Fig. 5)

and the higher-energy side (the centers

of the white circles labeled H1 and H2

in Fig. 5) of the peak emission energy.

The spot size was estimated to be

around 200 nm from the acceleration

voltage of 2.5 kV. FWHMs of scanning

CL spectra are shown for comparison.
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