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This paper proposes a double-heterostructure (DH) GaN/AlGaN epitaxial layer that contains an AlGaN 

interlayer. The electrical properties are characterized and compared with conventional single-

heterostructure (SH) GaN/AlGaN epitaxial layers. The Hall effect measurement shows that the  DH 

GaN/AlGaN epitaxial layer has a carrier mobility of 1815 cm2·V-1s-1, which is approximately 20.37% 

higher than the SH GaN/AlGaN epitaxial layer. The weak-beam dark-field (WBDF) images taken by a 

transmission electron microscopy (TEM) show that the AlGaN interlayer in the DH GaN/AlGaN 

epitaxial layer can block dislocations. The full widths at half maximum (FWHM) results show that there 

is no significant difference in the screw dislocation density between the SH and DH GaN/AlGaN 
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epitaxial layers. However, the edge dislocation density and the overall internal stress in the DH 

GaN/AlGaN epitaxial layer are less than those in the SH GaN/AlGaN epitaxial layer. Finally, the physical 

mechanism of how edge dislocations impact the electrical properties of a DH GaN/AlGaN epitaxial layer 

is discussed. 

Keywords: double heterostructures, electrical properties, electron mobility, physical mechanism,  edge 

dislocations 

INTRODUCTION 

Recently, GaN/AlGaN heterostructure field-effect transistors (HFETs) have received 

considerable attention due to their excellent frequency and power characteristics[1-4]. Their extraordinary 

physical properties, such as high breakdown voltage[5-7], high power[8,9], and high temperature 

resistance[10,11] allow GaN/AlGaN HFETs to play an important role in microwave and terahertz fields[12-

14]. Studies show that the crystal quality of epitaxial layers substantially affects the device performance. 

For example, epitaxial layers with a high crystal quality can provide a high confinement of carriers in a 

two-dimensional electron gas (2DEG) channel, which lead to high current density and output power. 

Various novel epitaxial structures have been proposed to improve crystal quality, because the crystal 

quality of epitaxial layers determines the upper limit of device performance. Epitaxial structures 

including the AlN interlayer[15,16], InGaN back-barrier layer[17,18], and graded AlGaN layer[19,20] have been 

proposed to improve crystal quality. Among these structures, double-heterostructure (DH) GaN/AlGaN 

HFETs are proven to have better electrical properties than conventional single-heterostructure (SH) 

GaN/AlGaN HFETs in terms of the current collapse effect, current-carrying capability and carrier 

confinement characterization[21-24]. In addition, the DH GaN/AlGaN epitaxial layer’s structure 

optimization has been reported. Marleen Van Hove[25] et al. proposed a DH GaN/AlGaN epitaxial 

structure with multiple AlGaN buffer layers and optimized each layer’s thickness. The mobility was 1766 

cm2 V-1s-1 and the electron density was 1.16×1013/cm2, respectively. Yue Hao’s group[26] compared 

different types of DH GaN/AlGaN with composite buffer layer structures and investigated the crystalline 

characteristics by an atomic force microscope (AFM) and high resolution X-ray diffraction (HRXRD). 

Afterwards, they manufactured an HFET based on the DH GaN/AlGaN epitaxial layer[27] and found that 

the DH GaN/AlGaN HFET had better subthreshold characteristics, switching characteristics, drain-

induced barrier lowering (DIBL) effects and breakdown characteristics. Experimental results proved that 
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the device performance can be improved through the optimization of the epitaxial structure. 

Nevertheless, crystal quality is still an important factor restricting the electrical properties of the epitaxial 

layer. Novel epitaxial structures need to be designed and optimized to overcome the crystalline defects. 

This paper proposes a DH GaN/AlGaN epitaxial layer containing an AlGaN interlayer. The 

electrical properties are systematically investigated using the TEM, HRXRD, AFM, C-V measurements, 

and non-contact Hall effect measurements. The results show that the DH GaN/AlGaN epitaxial layer 

exhibited a better electrical performance than the SH GaN/AlGaN epitaxial layer due to the lower edge 

dislocation density. 

GROWTH OF THE EPITAXIAL LAYERS 

Both the SH and DH GaN/AlGaN epitaxial layers were deposited on c-plane sapphire substrates by 

MOCVD technology. Triethyl gallium (TEGa), trimethyl aluminium (TMAl) and ammonia (NH3) were 

used as the sources of Ga, Al and N, respectively. High-purity hydrogen (H2) was used as the carrier gas. 

The cross sections of the two epitaxial layers are shown in Figure 1. For the SH GaN/AlGaN epitaxial 

layer, a 50 nm AlN nucleation layer was deposited on a sapphire substrate at 980°C and 3.33kPa, 

followed by a 1.5 µm GaN buffer layer, 1 nm AlN spacer, 23 nm Al0.25Ga0.75N barrier layer and 2 nm 

GaN cap layer deposited at 920°C and 5.33kPa. For the DH GaN/AlGaN epitaxial layer, a 1.5 µm GaN 

buffer layer and 23 nmAl0.25Ga0.75N interlayer were deposited with the same thickness and conditions as 

the SH GaN/AlGaN epitaxial layer. Then, a 40 nm GaN channel layer, 1 nm AlN spacer, 23 nm 

Al0.25Ga0.75N barrier layer and 2 nm GaN cap layer were deposited on the 23 nm Al0.25Ga0.75N interlayer 

in that order. 

RESULTS AND DISCUSSION 

 

 

Fig. 1. Diagram of the (a) SH and (b) DH GaN/AlGaN epitaxial layers. 
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Cross sections of the SH and DH GaN/AlGaN epitaxial layers were observed by TEM (Figure 2). 

The interface between each layer was clear, and the thickness of each layer was confirmed. The 

corresponding high-angle annular dark field (HAADF) images are shown in Figure 3. The higher contrast 

image corresponds to the GaN layer, while the lower contrast image corresponds to the Al0.25Ga0.75N 

layer. It can be seen that the composition of each layer is uniform with minimal diffusion of Al between 

the GaN and AlGaN layers. Figure 4 shows the results of EDX line scanning, which displayed the 

composition of the Al. The calculated Al composition in the barrier layer is 24.3% for the SH 

GaN/AlGaN epitaxial layer, and the corresponding result of the DH GaN/AlGaN epitaxial layer is 25.4% 

and 25.1% in the barrier layer and the interlayer, respectively. These results showed that the actual 

parameters of the epitaxial layers were consistent with the designed structural parameters. 

  

Fig. 2. The TEM image of the cross sections of the (a) SH and (b) DH GaN/AlGaN epitaxial layers. 

 

  
Fig.3. The HAADF image of the (a)SH and(b) DH GaN/AlGaN epitaxial layers. 
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The main factor affecting crystal quality is the dislocation defects generated during crystal growth. 

In the GaN/AlGaN thin film system, the dislocations include screw dislocations, edge dislocations and 

mixed dislocations. The dislocations were observed by the weak-beam dark-field (WBDF) images. 

According to the visible-invisible law of dislocations[28], dislocations can not be observed along the g 

direction when g·b=0 (the diffraction vector g is perpendicular to the Burgers vector b). Thus, the images 

taken along (0002) and (11-20) showed the screw dislocations (including the component of screw 

dislocations in the mixed dislocations) and the edge dislocations (including the component of edge 

dislocations in the mixed dislocations), respectively. So in order to evaluate the distribution of the 

dislocations in the SH and DH epitaxial layers, the WBDF images were taken along the (0002) and (11-

20) directions for SH epitaxial layer (Figure 5) and DH epitaxial layer (Figure 6). Screw dislocations, 

edge dislocations and mixed dislocations were pointed out with arrows of different colors. In Figure 5(a) 

and Figure 6(a), there are no significant differences in the amount of screw dislocations between the SH 

and DH epitaxial layers. In Figure 6(b), the edge dislocations in the DH epitaxial layers are composed of 

edge dislocations in mixed dislocations and a few pure edge dislocations. The total number of edge 

dislocations in the DH epitaxial layers is significantly smaller than that of the SH epitaxial layer in Figure 

5(b). In addition, a number of edge dislocations in the SH epitaxial layer continue to propagate up to the 

 
 

Fig. 4. The EDX line scanned for the (a) SH and (b) DH GaN/AlGaN epitaxial layers. 
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surface layer. However, in the DH epitaxial layer, a number of edge dislocations terminate either at the 

bottom or beyond the bottom of the GaN/AlGaN interface. Only a few dislocations reach the surface of 

the layer. This indicates that the insertion of the AlGaN interlayer decreases the number of dislocations. 

This also indicates the AlGaN interlayer blocks or changes the propagation direction of dislocation lines, 

which increases the probability of the annihilation and termination of dislocations[29-31]. However, the 

insertion of the AlGaN interlayer changed the stress distribution of nearby layers, which may generate 

new dislocations. To evaluate the influence of the AlGaN interlayer on the dislocation density, the 

coupled effect of blocking dislocations and generating new dislocations needs to be analysed. When the 

inserted AlGaN interlayer exceeds the critical thickness of elastic relaxation, the Al0.25GaN turns to 

be plastic relaxed. Thus the tensile stress is strong enough to change the direction of dislocations 

propagation, causing them to meet, react, and annihilate[31]. The introduction of the Al0.25GaN 

interlayer may generate non-significant new dislocations, because the lattice mismatch between 

GaN and Al0.25GaN is small. Therefore, the intercalation layer plays a positive role in reducing 

dislocations. In the DH structure, most dislocations were blocked below the GaN/AlGaN interface, and 

only a small number of dislocations were newly generated, so one may make the prediction that the 

AlGaN interlayer contributes to the reduction of crystal dislocations. Through the TEM observations, we 

were able to analyze the distribution of crystal dislocations only semi-quantitatively. In order to further 

investigate the accurate dislocation density and the effect on the electrical properties of the epitaxial 

layers, more characterization studies need to be carried out. 
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The FWHM of the rocking curves for the (002) and (102) directions of the epitaxial layers were 

measured by HRXRD, as these two vectors are sensitive to screw dislocations and edge dislocations. The 

(002) FWHMs of the GaN buffer layer for the SH and DH GaN/AlGaN epitaxial layers are 617 arcsec 

and 605 arcsec, respectively. As shown in Figure 7, The (102) FWHMs of the SH and DH epitaxial layers 

are 1950 arcsec and 1242 arcsec, respectively. The relationship between the dislocations and FWHM can 

be expressed as 

 

𝐷 =
𝛽2

4.35𝑏2
                                                                     (1) 

 

where D is the dislocation density, β is the measured FWHM, and b is the length of the Burgers vector. 

The calculation results of the screw dislocation density are 3.51×108/cm2 and 3.18×108/cm2 for the SH 

 
  

Fig. 5. The WBDF images of SH GaN/AlGaN epitaxial layer taken by TEM alone (a) (0002) and (b) (11-20) 

direction. The yellow arrows refer to pure screw dislocations, the white arrows refer to pure edge 

dislocations, and the red arrows refer to mixed dislocations. 

   
Fig. 6. The WBDF images of DH GaN/AlGaN epitaxial layer taken by TEM alone(a) (0002) and (b) (11-

20) direction. The yellow arrows refer to pure screw dislocations, the white arrows refer to pure edge 

dislocations, and the red arrows refer to mixed dislocations. 
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and DH GaN/AlGaN epitaxial layer, respectively. The edge dislocation density of SH and DH 

GaN/AlGaN epitaxial layer are 3.65×109/cm2 and 1.48×109/cm2, respectively. The screw dislocation 

density in the DH GaN/AlGaN is slightly lower than that in the SH GaN/AlGaN epitaxial layer, while 

the edge dislocation density is much lower in the DH GaN/AlGaN layer. These results are consistent 

with the TEM observations in Figure 5 and 6. The dislocations in the crystal were mainly generated 

during the deposition of the thin films. These dislocations will induce a stress field between crystal 

planes, leading to a variation in the crystalline interplanar spacing and a shift of the diffraction peak. The 

vertical distance of the adjacent crystal planes can be calculated by the Bragg equation: 

 

𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
                                                                               (2) 

 

where 𝜆 is the wavelength of the X-ray on the crystal, 𝜃 is the incidence and reflection angle of the X-

ray , and n is the order of the reflected beam. The stress in the films can be expressed as 

 

𝜎 =
−𝐸(𝑑 − 𝑑0)

2𝑣𝑑0

                                                                         (3) 

 

where E is Young's modulus of the film, 𝑣 is Poisson's ratio, and d0is the distance between the adjacent 

crystal planes without stress. In the experiment, the wavelength of the X-ray (CuKa) is 𝜆=0.154056 nm, 

the Young's modulus of the GaN film is E=293 GPa[33], and the Poisson's ratio of the GaN is 𝑣= 0.183[34]. 

The calculated stresses of the (002) and (102) planes in the SH GaN crystal are 0.20 GPa and 9.91 GPa, 

respectively. The stresses in the corresponding DH are 0.12 GPa and 8.60 GPa. The stresses in the DH 

epitaxial layer of the (002) and (102) planes are less than that in the SH epitaxial layer. The screw 

dislocations and edge dislocations will cause a variation in the spacing of the (002) and (102) planes. 

Hence, a lower dislocation density corresponds to a smaller stress field. 
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Fig. 7. The XRD results: (a) (002) and (b) (102) rocking curves of the SH and DH epitaxial layers. 

Figure 8 shows the surface morphology of the SH and DH GaN/AlGaN epitaxial layers scanned by 

AFM with an area of 5×5 μm2. The root mean square (RMS) values of the SH and DH GaN/AlGaN 

epitaxial layers are 0.402 nm and 0.538 nm, respectively. Both layers show low surface roughness. Due 

to the insertion of the AlGaN interlayer in the DH epitaxial layer, there was a slight fluctuation in the 

bottom GaN/AlGaN interface and the surface, but the overall performance was not significantly 

influenced. 

 

 

(a) (b) 

Fig. 8. Surface roughness of the (a) SH and (b) DH epitaxial layers scanned by the AFM. 

The electrical properties of the SH and DH GaN/AlGaN epitaxial layers were measured by a C-V 

tester and the non-contact Hall effect measurement system. Figure 9 shows the C-V characteristics of the 

SH and DH GaN/AlGaN epitaxial layers. Both epitaxial layers show good confinement of the 2DEG 

without parasitical capacitances. The longitudinal distribution of the carrier concentration in epitaxial 
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layers and the sheet density of the 2DEG can be extracted from the C-V curve. The carrier concentration 

N is expressed as 

 

𝑁 =
𝐶3

𝑞𝜀𝜀0𝐴2

𝑑𝑉

𝑑𝐶
                                                                         (4) 

 

𝐶 =
𝜀𝜀0𝐴

𝑧
                                                                               (5) 

where ε=9.5 is the relative dielectric constant of AlGaN, ε0=8.854×10-14 C/V·cm is the permittivity of 

the  vacuum, A is the contact area between the probe and the epitaxial layer surface, and z is the depth 

of the depletion region. The distributions of carrier concentration in the SH and DH epitaxial layers are 

shown in Figure 10. The sheet density of the 2DEG is then calculated as 

 

𝑛𝑠 = ∫ 𝑁(𝑧)
∞

0

𝑑𝑧                                                                       (6) 

The sheet densities of the SH and DH GaN/AlGaN epitaxial layers are 1.019×1013/cm2 and 

8.247×1012/cm2, respectively. 

 
Fig. 9. The C-V characteristics of the SH and DH GaN/AlGaN epitaxial layers. 
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Fig. 10. The distributions of carrier concentration in the SH and DH GaN/AlGaN epitaxial layers. 

The electron mobility and sheet resistance were tested by the non-contact Hall measurement system. 

The average mobilities of the SH and DH GaN/AlGaN epitaxial layers are 1508cm2/V·s-1 and 

1815cm2/V-s, respectively. The result of the DH layer is approximately 20.37% higher than that of the 

SH layer with the same structural parameters. The average sheet resistances of SH and DH GaN/AlGaN 

are 357.75 Ω/□ and 348.65 Ω/□, respectively. All the measured material parameters and electrical 

properties of the SH and DH GaN/AlGaN epitaxial layers are summarized in Table 1.These results show 

that the DH epitaxial layer has better electron transport capacity and 2DEG confinement ability than SH 

epitaxial layer. One may make the prediction that in DH GaN/AlGaN HEMT, a better DC characteristic 

and higher breakdown voltage could be owned, which are beneficial for the application of RF and high 

power devices. Future studies may verify this prediction through the future preparation of DH 

GaN/AlGaN HEMTs and the DC measurement. 

Table I. The measured material parameters and electrical properties of the SH and DH epitaxial layers 

 Screw 

dislocations 

[cm-3] 

Edge 

dislocations 

[cm-3] 

Stress 

(002) 

[GPa] 

Stress 

(102) 

[GPa] 

RMS 

[nm] 

Sheet carrier 

density  

[cm-2] 

Mobility 

[cm2·V-1s-1] 

Sheet 

resistance 

[Ω/□] 

SH 

DH 

3.51×108 

3.18×108 

3.65×109 

1.48×109 

0.20 

0.12 

9.91 

8.60 

0.402 

0.538 

1.019×1013 

8.247×1012 

1508 

1815 

357.75 

348.65 

As shown in Table I, there is a significant difference in the edge dislocation density between the 

SH and DH structures. Moreover, the electrical properties and other parameters are related to dislocations 

in the crystal. Therefore, edge dislocations in the GaN/AlGaN film system, rather than screw 

dislocations, are the dominant factors affecting the electrical properties. This is because the edge 

dislocations can generate acceptor centres and capture electrons from the conduction band. Thus, the free 

electron concentration will reduce significantly near the edge dislocations. The lattice expansion caused 
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by free electrons will be weakened, and the distance of the adjacent crystal planes will be reduced. 

Therefore, a stress field is created around the edge dislocations. In the DH GaN/AlGaN epitaxial layer, 

the edge dislocation density is less than that of the SH GaN/AlGaN epitaxial layer with the introduction 

of the AlGaN interlayer, resulting in a reduction in the overall stress and a shrinkage of the GaN 

bandgap[35], as shown in Figure 11. The shrinkage of the bandgap is accompanied by a decrease in the 

triangular barrier, leading to a weaker confinement of the 2DEG in the channel. Although the sheet carrier 

density is larger in the SH epitaxial layer than in the DH epitaxial layer, dislocations penetrating the 

interface will exert an obvious influence on the degradation of electrical properties in GaN HFETs. This 

is because the 2DEG is formed at the interface of the GaN/AlGaN layer. This can be explained by 

Matthiessen’s rule[36]. The five scattering parameters that affect the carrier mobility are the polar optical 

phonons parameter 𝜇𝑂𝑃 , dislocation parameter 𝜇𝐷𝐼𝑆 , interface roughness parameter 𝜇𝐼𝑅 , acoustic 

phonon parameter 𝜇𝐴𝑃, and ionized impurity parameter 𝜇𝐼𝐼. The total carrier mobility is expressed as 

 

1

𝜇𝑡𝑜𝑡

=
1

𝜇𝑂𝑃

+
1

𝜇𝐷𝐼𝑆

+
1

𝜇𝐼𝑅

+
1

𝜇𝐴𝑃

+
1

𝜇𝐼𝐼

                                                           (7) 

 

The rate of alloy disorder scattering is small and negligible[36] with the 1 nm AlN layer. The ionized 

impurity scattering in SH and DH GaN/AlGaNGaN/AlGaN epitaxial layers are similar because both 

epitaxial layers were unintentionally doped. In equation (7), the total carrier mobility mainly depends on 

the dislocations and the interface roughness. As the edge dislocation density is lower in the DH 

GaN/AlGaN epitaxial structure than in the SH GaN/AlGaN epitaxial structure, the probability of 

dislocation scattering in the 2DEG channel is also lower. On the other hand, the TEM and AFM results 

show that the DH epitaxial layer has a smoother interface because the dislocation lines propagating from 

the GaN buffer layer are blocked by the AlGaN interlayer. The comprehensive effect of edge dislocation 

density and interface roughness causes higher electron mobility in the DH GaN/AlGaN epitaxial layer. 
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Fig. 11. Schematic diagram of bandgap shrinkage. 

CONCLUSIONS 

In this paper, a DH GaN/AlGaN epitaxial layer with an AlGaN interlayer is proposed and prepared. 

The electrical properties are systematically studied and compared with a SH GaN/AlGaN epitaxial layer. 

The TEM images show that the prepared epitaxial layers are consistent with the designed structural 

parameters. The WBDF and HRXRD results show that the edge dislocation density in the DH epitaxial 

layer is much lower than that in the SH GaN/AlGaN epitaxial layer due to insertion of the AlGaN 

interlayer. The electrical properties are measured by a C-V tester and non-contact Hall effect 

measurement system, and a carrier mobility of 1815 cm2·V-1s-1 is obtained, which is 20.37% higher than 

that of the SH GaN/AlGaN structure. In addition, the mechanism of edge dislocations affecting the 

electrical properties is explained by energy band theory and Matthiessen’s rule. 
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