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An AlGaN/GaN superlattice grown on the top of a GaN buffer induces the broadening of the full width at half

maximum of (102) and (002) X-ray diffraction rocking curves. With an increase in the Si-doped concentration in the

GaN wells, the full width at half maximum of the (102) rocking curves decreases, while that of the (002) rocking curves

increases. A significant increase of the full width at the half maximum of the (002) rocking curves when the doping

concentration reaches 2.5 × 1019 cm−3 indicates the substantial increase of the inclined threading dislocation. High

level doping in the AlGaN/GaN superlattice can greatly reduce the biaxial stress and optimize the surface roughness

of the structures grown on the top of it.
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1. Introduction

GaN and GaN-based materials have been

widely used in anti-irradiation[1,2] and optoelectronic

devices.[3,4] Interest in the AlGaN/GaN superlattice

stems from the large band offset between the barrier

and the well, with which the responsive wavelength of

the intersubband photonic device can be tuned and

cover telecommunication wavelengths.[5−7] Due to the

large electron effective mass in GaN, the thickness of

the well should not exceed 1.5 nm in order to sat-

isfy the wavelength range from 1.3 µm to 1.55 µm.

Further progress in this field requires much attention

to the quality of epitaxial layers. Si doping plays

an important role in determining the properties of

superlattices.[8−10] It not only supplies electrons for

the well, but also interacts with the internal polariza-

tion field, which modifies the positions of subbands

greatly. Recently, our simulation results show that

the high-level doping is a necessary condition for the

realization of the AlGaN/GaN superlattice-based pho-

todetector, otherwise the wells in the superlattice are

depleted.[11] Moreover, the Si doping reduces the life-

time of carriers and the responsibility of photodetec-

tor. Based on the above facts, it is necessary to explore

the influence of the Si doping on the characteristics of

the superlattice structure.

In this paper, we demonstrate that the Al-

GaN/GaN superlattice, grown on the top of a 1.5-

µm GaN buffer layer, induces an additional edge and

screw threading dislocations (TDs) into the system.

With an increase in the Si-doped concentration in the

GaN wells, more edge TDs are bent in the superlat-

tice. The inclined TDs act as screw TDs and broaden

the full width at half maximum (FWHM) of the high-

resolution X-ray diffraction (HRXRD) (002) rocking

curve. The in-plane stress of the superlattice will de-

crease with the increase of the inclined TDs, and the

surface roughness was simultaneously optimized.

2. Sample design and experimen-

tal setup

All the samples were grown with a self-designed

cold-wall metal–organic chemical vapor deposition

(MOCVD) system on the (0001) sapphire substrate.

Firstly, an 8-nm high-temperature AlN nucleating

layer was grown at 1020 ◦C. Secondly, a GaN buffer

of 1.5 µm was grown directly on the top of the AlN. A
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Table 1. HRXRD, Raman and AFM data for the four different superlattice structures.

Structure Doping in well/cm−3 FWHM(002)/arcsec FWHM(102)/arcsec FWHM E2/cm−1 Surface roughness/nm

A − 104.88 328.57 3.14 0.264

B 6.0×1016 114.62 452.51 2.99 0.286

C 1.5×1018 126.48 391.97 2.99 0.273

D 2.5×1019 396.80 370.43 3.14 0.176

400-nm 1.5×1018 cm−3 Si-doped GaN was deposited

before the growth of the superlattice. Except for sam-

ple A, a 20-period AlGaN/GaN (3 nm/3 nm) super-

lattice was then grown to be an active region and a

100-nm 1.5× 1018 cm−3 Si-doped GaN was deposited

as the cap layer. AlGaN barriers were nominally un-

doped. The Si-doped concentrations in the GaN wells

for samples B, C, and D are 6.0 × 1016, 1.5 × 1018,

and 2.5 × 1019 cm−3, respectively. Sample A can

be used as a reference. Table 1 shows some criti-

cal structural and experimental data obtained from

HRXRD, Raman and atom force microscopy (AFM)

measurements. As the doping concentration in the

GaN wells increases, the FWHM of the (002) rocking

curve increases, while that of the (102) rocking curve

decreases. The variation of the FWHM of the E2 Ra-

man phonon frequency is negligible. Simultaneously,

the surface roughness is improved greatly.

3. Results and discussion

3.1.High-resolution X-ray diffraction

The characteristics of superlattices have been as-

sessed with HRXRD measurements. The ω–2θ scan-

ning results of the (002) X-ray reflection for all wafers

are shown in Fig. 1(a). The position of the satellite

peaks of samples B, C, and D are almost identical,

which means they have the same period thickness and

Al fraction in the barriers.[12] These results ensure

that the comparison made below only focuses on the

difference of the Si-doped concentration in the GaN

wells.

The values of FWHM for the (002) and (102)

rocking curves are recorded in Table 1, and the spectra

of the (002) rocking curves are presented in Fig. 1(b).

Compared with sample A, samples B, C, and D have a

broader FWHM on both of the rocking curves.[13] The

TD density can be evaluated by this data. The spe-

cific TD geometry in a film will lead to distortions of

only specific crystallographic planes.[14,15] Edge dislo-

cations will only distort the (hkl) planes with nonzero

h or k, while the (00l) rocking curves are only sensi-

tive to the screw TD content in the films. Assuming

that the mixed dislocations are a mixture of the pure

edge and pure screw TDs, then only the pure screw

TDs influence the FWHM of the (002) rocking curve.

Fig. 1. (a) ω-2θ scanning results of the samples. The

satellite peaks of the surperlattice are labeled as S+1, S0,

S−1, and S−2. (b) Symmetric (002) rocking curves of the

four samples.

The densities of the edge and the screw TDs in-

crease from 2.2×107 and 5.7×108 to 2.6×108 cm−2 for

sample A (without superlattice) and 1.1 × 109 cm−2

for sample B (with superlattice), respectively. The de-

position of superlattice induces the increase in both of

the edge and the screw TDs. With the increase of the

Si-doped concentration in the wells of the superlattice,

the edge TDs decrease while the screw TDs increase.

As the doping concentration increases from 1.5× 108

(sample C) to 2.5 × 109 cm−2 (sample D), the edge

TDs decrease from 8.1× 108 to 7.2× 108 cm−2, while

the screw TDs increase significantly from 3.0× 107 to

3.1× 108 cm−2.

3.2.Raman measurement

There are three possible reasons for the increase

of the screw TDs. Firstly, the influence of the su-

perlattice on the crystalline quality of the underlying
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GaN buffer. Secondly, another 3D to 2D nucleation

process as at the substrate/buffer interface. Thirdly,

the increase of the inclined TDs which has an influence

on the FWHM of the (002) rocking curves. The dras-

tic change of the screw TDs first spurs us to wonder

whether the existence of superlattices has an influence

on the crystalline quality of the underlying buffer layer

in the cooling process, because the screw TDs are not

likely to form elsewhere but at the substrate/buffer

interface.[16,17] Raman measurement was performed

to resolve our doubt. The measurements were con-

ducted in backscattering Z(xx)Z geometry. The spec-

trum obtained with a 514-nm excitation reflects the

average GaN crystalline quality. As seen from Ta-

ble 1, the slender difference between the FWHM of

the E2 modes, which reflects the crystalline quality

of the bulk GaN, indicates that the buffer layers are

unaffected by the growth of superlattices, and the ad-

ditional TDs shown in the rocking curves are limited

in or on the top of the superlattice. The latter AFM

results do not support a new 3D growth model at the

buffer/superlattice interface either. Thus, it is more

likely that the broadening of the (002) rocking curve

is attributed to the formation of inclined TDs.[18]

Superlattices grown at the substrate/buffer inter-

face can reduce the density of punch-through TDs by a

recombination and annihilation process.[19−21] There

is a high density of TDs in AlGaN barriers. Some of

them extend to the surface and others interact with

the edge TDs originated from the buffer. The inter-

action can induce the formation of an inclined TD

with line direction different from that of the edge TDs

(⟨0001⟩). The inclined TDs contribute to the broad-

ening of the (002) XRD rocking curve because of the

variation of the stress situation in the (002) plane. For

some reason, perhaps the variation of the atom mo-

bility, the Si doping can increase the opportunity of

the formation of the inclined TDs, especially when the

doping concentration reaches the order of 1019 cm−3.

Raman spectra under a 325-nm excitation are pre-

sented in Fig. 2(b). These spectra reflect crystalline

qualities of the 40-nm GaN under the surface. Com-

parison between 514-nm and 325-nm excitation spec-

tra provides us with information about the evolve-

ment of the stress situation after the development of

the superlattice. From the 514-nm excited Raman

spectrum, we can see that all the buffer layers are

under compressive stress, because the values of the

E2 peak are larger than those of the unstrained GaN

(567 cm−1). Only A1(LO) photons can be seen in

Fig. 3(b), due to the strong background photolumines-

cence signal. Although commonly used to evaluate the

doped concentration, the A1(LO) phonon can also be

used to extract the stress situation in materials.[22,23]

The variation of the A1(LO) phonon manifests the

same trend as that of the E2, which can be seen clearly

in Fig. 2(a).

Fig. 2. Raman results under (a) 514-nm and (b) 325-nm

excitations.

For GaN, the phonon frequency of A1(LO) shifts

linearly with biaxial stress at a rate of 0.8 cm−1GPa−1

for biaxial stress. The A1(LO) peak variation between

the 514-nm and 325-nm excitations for samples B, C,

and D are –2.60, –0.97, and 3.27 cm−1, respectively.

The negative values indicate the increase of the com-

pressive stress, while the positive values demonstrate

its decrease. Compared with that in the GaN buffer,

the compressive stress in the GaN cap layer of sam-

ple D decreases by 2.6 GPa−1 and reaches the quasi-

unstrained state (734 cm−1 for unstrained GaN). The

decrease of the compressive stress in the GaN cap

layer is attributed to the formation of the inclined TDs

which are induced by high-concentration Si doping in

the GaN well.
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3.3.Atom force microscopy

The surface morphology was analyzed through

AFM measurements, as shown in Fig. 3. Terraces

separated by a high step of 2–3 Å are clearly visible.

The parallel and straight terraces suggest the exis-

tence of the step flow growth mode, which means the

two-dimensional layer growth. Roughness measured

in a 5 µm × 5 µm area for samples B, C, and D are

0.286, 0.273, and 0.176 nm, respectively. Compared

with sample B, the surface roughness of sample D de-

creases by 35%. The surface roughness decreases from

0.273 to 0.176 nm as the doping concentration in wells

increases from 1.5 × 108 to 2.5 × 109 cm−2. The sur-

face roughness was converted from the variation of the

voltage at the ends of piezo cantalever. For samples

B, C, and D, the number of pits deeper than 1 nm are

1.52×108, 1.48×108, and 5.2×107 cm−2, respectively.

The density of pits obviously decreases for sample D,

which indicates the reduction of punch-through TDs.

From the discussion about XRD and Raman mea-

surements, we have predicted that the interaction be-

tween edge TDs can induce the formation of inclined

TDs with a line direction different from that of the

edge TDs (⟨0001⟩). The formation of those inclined

TDs reduces the number of the TDs which have the

opportunity to penetrate through the superlattice and

leaves relevant pits on the surface. The results from

the AFM measurements verity this prediction. Thus,

it is reasonable for us to predict that a majority of

the inclined TDs with line direction are parallel to

the AlN/GaN interface and do not intersect with the

surface. This result is consistent with the formation

process of interface misfit dislocation. As reported by

Bai et al. in Ref. [24], most of the TDs do not prop-

agate into the upper structure of the AlN nucleating

layer, but interact with each other.

Fig. 3. The AFM images of samples (a) B, (b) C, and (c) D. In order to observe the parallel and straight terraces,

fluctuation of the corresponding voltage is presented on the right for samples (d) B, (e) C, and (f) D.
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4. Conclusions

In conclusion, an AlGaN/GaN superlattice grown

on the top of the GaN buffer introduces additional

TDs in the structure. Comparison between the XRD

and Raman results indicates that the TDs do not orig-

inate from the buffer layer. With the increase of dop-

ing in the wells of the superlattice, more edge TDs are

bent. The inclined TDs increase the FWHM of the

XRD (002) rocking curve and act as screw TDs. A

majority of the inclined TDs with line direction are

parallel to the surface and do not disrupt the surface

roughness. The stress situation in the AlGaN/GaN

superlattice can also be greatly influenced by the dop-

ing. The surface roughness has been optimized by the

appearance of the inclined TDs and the relaxation of

the stress. The obtained results are helpful to analyze

the optical and electrical properties of superlattice-

based devices, and also can be used to optimize the

quality of GaN epitaxial layer grown on heterogenous

substrates.
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