Analysis of InxGa1–xN growth rate in atmospheric-pressure metal-organic vapor phase epitaxy: Insights into incorporation and desorption processes of GaN and InN for precise growth control
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We grew GaN/InxGa1–xN superlattices (SLs) on GaN/sapphire substrates by atmospheric-pressure metal-organic vapor phase epitaxy (MOVPE) and determined the InxGa1–xN growth rate using high-resolution X-ray diffraction analysis. The use of SL structures substantially reduced the influence of strain relaxation, phase separation, and mixed 2D/3D growth modes, enabling reliable extraction of the effective GaN and InN growth rates within the alloy. By maintaining identical temperature, pressure, and gas-flow balance, we precisely estimated the individual growth rates and proposed a model that explicitly separates incorporation and desorption processes. For low In composition (xIn < 0.25), the GaN and InN rates exhibit negligible mutual interaction and depend solely on temperature under constant pressure and flow balance. The model successfully predicts InxGa1–xN growth rates using independent incorporation and desorption terms, and its applicability is confirmed for In vapor-phase ratios < 0.7 and sufficiently high V/III ratios, while limitations are identified under excess-In or low-temperature conditions. These results provide practical guidelines for optimizing MOVPE growth, contributing to the efficient design of active and SL layers for high-power light-emitting diodes and green laser diodes.

I. Introduction

The low-In composition regime of InxGa1–xN (typically xIn < 0.25) plays a critical role in nitride optoelectronics.1) High-quality quantum wells (QWs) and superlattices (SLs) in this regime are indispensable for ultraviolet-to-green light-emitting diodes (LEDs) and laser diodes (LDs),2,3) and emerging nitride-based quantum-cascade and intersubband devices that demand precise control of layer thickness and alloy composition.4-6) However, realizing such structures with high uniformity and crystallinity remains a major challenge. Metal-organic vapor phase epitaxy (MOVPE) is the predominant growth method owing to its scalability and compatibility with device fabrication.7) Nevertheless, growth control in the low-In regime still largely relies on empirical parameter tuning. 

In this composition range, the growth rate is governed by the competition between incorporation of group-III species from precursor decomposition and their desorption at elevated temperatures.8) These processes are highly sensitive to precursor flow, substrate temperature, and reactor pressure, which are often coupled in non-trivial ways. Additional complexity arises from the large lattice mismatch between GaN and InN, the presence of a miscibility gap, and the weak In–N bond energy, all of which promote In desorption and narrow the growth window.9-21) While numerous thermodynamic,22,23) reaction-pathway,24) and kinetic models25,26) have been proposed, they typically involve many fitting parameters and reactor-specific assumptions, thereby limiting their predictive applicability to practical MOVPE processes.
 
To overcome these limitations, accurate evaluation of the respective growth rates of GaN and InN within the InxGa1–xN alloy is essential. However, conventional X-ray diffraction (XRD) analysis using single-layer InxGa1–xN films is strongly affected by composition gradients, phase separation, and strain relaxation, making it difficult to separate the contributions of GaN and InN even in the low-In regime.25-27) In addition, growth parameters such as pressure and gas-flow balance are strongly interdependent, and systematic studies that vary one parameter while keeping others strictly constant have been limited. As a result, apparently contradictory behaviors—such as increases in xIn under both reduced- and high-pressure MOVPE,28-31) or increases in xIn with higher flow rate of Ga source precursor or faster GaN growth even at fixed vapor-phase ratio18,32-34)—have been reported. This interdependence makes it difficult for existing growth models to decouple incorporation and desorption processes, leaving the origin of observed changes in xIn—whether arising from enhanced incorporation or suppressed desorption—unclear.

In this study, we address this gap by growing GaN/InxGa1–xN SLs under carefully controlled MOVPE conditions and analyzing them using high-resolution XRD.35) The use of SL structures enables the reliable extraction of effective GaN and InN growth rates. Based on these results, we propose a phenomenological model that captures the competition between incorporation and desorption, delineate its range of validity, and demonstrate its practical relevance for designing high-quality low-In InxGa1–xN QWs and SLs.

II. Experimental methods

Growth was performed in a horizontal-flow MOVPE reactor (Taiyo Nippon Sanso, model SR2328HT-RR) with a three-layer quartz flow channel and face-up 2-inch wafer configuration (Fig. 1 (a)). Substrates rotated at 10 rpm throughout the growth. Temperature was measured by a thermocouple placed close to the substrate and controlled via a PID feedback loop. Group-III precursors and NH3 were fed through the middle and bottom channels, respectively; the top flow suppressed convection and stabilized near-surface flow. Reactor pressure was maintained at 100 kPa, and the top/middle/bottom flow rates were fixed to minimize hydrodynamic effects on growth.
A 2.8-µm-thick GaN template was first grown on 2-inch c-plane sapphire at 1100 °C using a low-temperature GaN buffer.36) The full-width at half-maximum values of X-ray rocking curve for GaN 002 and 102 reflections were ≈ 200 and 250 arcsec, respectively. Trimethylgallium (TMGa) and NH3 were used with H2 carrier; top/middle/bottom flows were 10/7/7 slm. To evaluate the growth rate at xIn < 0.25, we fabricated six-period GaN/ InxGa1–xN SLs (Fig. 1 (b)). Each InxGa1–xN layer was limited to a thickness of 2–3 nm, which confines possible composition gradients within this narrow thickness range and thereby substantially suppresses their influence compared with single, thicker InxGa1–xN layers. This thin-well design also helps to suppress lattice relaxation and mixed 2D/3D growth modes. The GaN barrier layers with thicknesses of 2–11 nm were inserted to maintain clear structural periodicity, and the use of six SL periods was intended to enhance the diffraction intensity and improve the reliability of the XRD analysis by providing well-defined satellite peaks. 
Triethylgallium (TEGa), trimethylindium (TMIn), and NH3 were used with N2 carrier during SL growth, since N2 suppresses In desorption compared with H2. The reactor pressure and top/middle/bottom flows were kept at 100 kPa and 13/3/8.5 slm, and the growth temperature was set to 700, 740, or 790 °C. TMIn was supplied only during the alloy step, while TEGa and NH3 were continuous; this pulsed TMIn supply suppressed background In incorporation during GaN growth. We varied the V/III ratio, V/III ≡ fN/(fGa+fIn), and the vapor-phase ratio, VR ≡ fIn/(fGa+fIn). Hereafter, fGa, fIn, and fN denote the molar flow rates of TEGa, TMIn, and NH3, respectively. The model was constructed from data obtained at 700–790 °C, V/III = 3000–11000, and VR < 0.7, conditions that allow a precise assessment of the temperature dependence. To clarify applicability limits, we also show growth results at 600 °C, V/III ≈ 1000, and VR ≥ 0.7. 

[bookmark: Appendix_text]High-resolution XRD (Rigaku SmartLab) was employed to investigate the structural properties of SLs. The setup consisted of Cu Kα rotating anode (45 kV, 200 mA), Ge(220) two-bounce monochromator, HyRes220 analyzer, and HyPix-3000 detector. After alignment using sapphire reflections, reciprocal-space maps (RSMs) were acquired to verify the strain states. Symmetric 2θ–ω scans were then fitted by dynamical simulation (see Appendix A for details). In GaN/InxGa1-xN SLs, the satellite-peak spacing and fringe profiles depend strongly on the total period thickness and the average optical contrast between the layers. Therefore, the GaN barrier thickness, InxGa1-xN well thickness, and xIn were determined by the simulation, from which the growth rates were calculated using the applied growth time. The detailed MOVPE growth conditions, XRD fitting results, and growth rates are summarized in Appendix Table I. Atomic force microscopy (AFM, Hitachi High-Tech SPI3800Ne) was used to examine the surface morphology, confirming smooth surfaces without indications of relaxation-induced roughening and verifying that the growth proceeded predominantly in a 2D mode. 

III. Results
[bookmark: Sec_III_A]A. Structural integrity of GaN/InxGa1–xN SLs

Figure 2 (a) displays the representative symmetric 2θ–ω scan profiles around the GaN 002 reflection for GaN/In0.24Ga0.76N SL. The profile exhibits well-defined satellite peaks and interference fringes over a wide angular range, demonstrating good periodicity of the SL structures. Neither excessive broadening nor pronounced asymmetry are observed, indicating that large-scale phase separation is negligible. Figure 2 (b) shows the RSM image around the asymmetric GaN 105 reflections of the same sample. The SL satellite peaks are aligned at nearly the same Qx / 2π value (≈ 3.625 nm⁻¹) as the GaN peak, indicating that the in-plane lattice constant of the SL is constrained by the underlying GaN and that no significant in-plane relaxation is observed within the experimental resolution. Figure 3 shows the AFM image of the same sample. The image revealed well-defined step–terrace features. While hexagonal V-pits attributable to threading dislocations were observed (≈ 8 × 108 cm-2), the surface morphology indicates that mixed 2D/3D growth modes are not evident within the experimental resolution, and that the SL growth proceeded predominantly in a stable 2D mode.

These results demonstrate that the present GaN/InxGa1–xN SL with xIn < 0.25 possess sufficient structural uniformity and crystalline quality to allow quantitative analysis based on dynamical diffraction simulations. Moreover, all other SLs grown under the investigated conditions for establishing the growth model exhibited similar RSM, XRD, and AFM characteristics, showing no significant indications of phase separation, strain relaxation, or mixed 2D/3D growth modes within the experimental resolution. This structural consistency across the sample set supports the validity of the subsequent composition and growth-rate analyses.

[bookmark: Sec_III_B]B. Estimating GaN and InxGa1–xN growth rates 

[bookmark: Table_text]Based on the structurally validated GaN/InxGa1–xN SLs described above, we next analyze the growth rates of the GaN and InxGa1–xN layers using dynamical diffraction simulations. To examine whether TMIn supply affects GaN growth, GaN/InxGa1–xN SLs were grown with GaN barrier growth times of 30 and 60 s, while all other growth parameters were kept constant. From the symmetric 2θ–ω profiles (Fig. 4), the GaN growth rate was first determined from the satellite peak spacing. Next, with this GaN rate fixed, the alloy growth rate and xIn were obtained by dynamical fitting of the XRD profiles. From these two steps, it was confirmed that the GaN growth rate and the GaN growth rate within the alloy are essentially identical, indicating that the influence of TMIn supply on GaN growth is negligible. Subsequently, using this fixed GaN rate, dynamical fitting of the XRD profiles was employed to determine the individual GaN and InN growth rates within the alloy, as summarized in Table II. Thickness errors correspond to ≈1% in growth rate across all samples. Therefore, in the following analyses, the GaN growth rate was assumed to be identical to that inside the InxGa1–xN layer during fitting. 

C. Dependence on precursor flows and temperature

We now examine how the effective GaN and InN growth rates depend on precursor flow rates and growth temperature. This analysis provides direct insight into the kinetic processes governing incorporation and desorption in GaN/InxGa1–xN growth and forms the basis for the growth-rate model discussed below. 

Figure 5 plots the GaN and InN growth rates vs fGa and fIn at 700, 740, and 790 °C. Varying fN at fixed fGa and fIn did not change either rate, showing independence from V/III under fixed pressure/flow balance. Each rate increases linearly with its own group-III flow and extrapolates to a non-zero intercept, indicating that the present growth is likely governed by mass transport in the gas phase rather than by surface reaction kinetics.37) This behavior is consistent with typical atmospheric-pressure MOVPE growth,38) where the overall growth rate is often limited by the diffusion of precursors through the boundary layer above the substrate. Therefore, we interpret the slope as an incorporation efficiency γi (including transport and crystallization), and the intercept magnitude as the desorption rate δi−N, independent of fi. This leads to

Fitting GaN and InN independently shows negligible mutual interaction, and under constant pressure and flow balance, both rates depend only on temperature. Notably, although a single InN layer does not grow under these conditions, the InN constituent in InxGa1–xN (x < 0.25) does grow without significant coupling to GaN.

Figures 6 (a) and (b) show the temperature dependence of γ and δ. With increasing temperature, γGa slightly increases while δGaN remains nearly constant; in contrast, γIn decreases strongly and δInN rises. Consequently, GaN growth rate increases slightly with temperature, whereas InN growth rate decreases. The suppression of xIn at all temperatures arises from the combination of small γIn and relatively large δInN. An Arrhenius analysis gives an activation energy of ≈0.49 eV for InN desorption (Fig. 6 (c)).

D. Behavior beyond the standard range
1) High vapor-phase ratio (VR ≥ 0.7)

[bookmark: Fig07_text]At fixed fGa while increasing fIn (VR ≥ 0.7), the InN rate shows a pronounced loss of efficiency (Fig. 7). Since the δInN depends on the temperature under constant pressure/flow balance, the γIn decreases strongly with high TMIn flow. AFM (Fig. 8) reveals coalescence of V-pits into irregular depressions and a transition to island-like 3D growth. We attribute this behavior to transient In-metal condensation near dislocations and subsequent partial evaporation, which enlarge pits and drive the growth-mode transition. Because the growth mode changes under such excess-In conditions, the fundamental assumptions of the model no longer hold, and predictive fitting becomes invalid. 

2) Low temperature and low V/III

At 600 °C (V/III 3000–11000, VR < 0.7), the SL satellites are present; however, interference fringes are blurred (Fig. 9 (a)), and RSM indicates relaxation and composition fluctuation (Fig. 9 (b)). These features suggest that crystallinity is degraded by insufficient surface diffusion and enhanced local segregation/phase separation, making it difficult to accurately estimate the growth rates. As a result, rigorous discussion of whether the model applies under these conditions is not possible.

For MQWs designed for 520 nm emission, samples with V/III ≈ 1000 exhibited severe brown discoloration and negligible UV-excited luminescence, whereas V/III ≈ 8000 showed clear green emission (see Supplementary Fig. S1). Because the low-V/III samples exhibit severely degraded emission properties, they are not relevant for improving LED and LD performance. Therefore, we do not provide further model-based discussion for the low-V/III regime.

IV. Discussion
A. Advantages of the present model

Equation (1) enables prediction of GaN and InN growth rates from fGa and fIn, providing design-level control of layer thickness and xIn (up to ≈0.24) in InxGa1–xN and GaN/InxGa1–xN SLs. For a given temperature, the parameters (γi, δi−N) can be determined from only a few growth runs at VR < 0.7, greatly improving optimization efficiency and reproducibility for device fabrication. Importantly, the parameters are physically meaningful and can be independently discussed.

It should be noted that the individual InxGa1–xN and GaN layer thicknesses employed in this study fall within the range commonly used for GaN/ InxGa1–xN quantum wells in LEDs and LDs. In the present work, however, these structures are intentionally treated as short-period SLs from the viewpoint of dynamical XRD analysis. This choice is not intended to propose a novel device architecture. Rather, the repetition of multiple GaN/InxGa1–xN periods enhances satellite-peak intensity and improves the uniqueness and robustness of the fitting, enabling reliable separation and quantitative extraction of the effective GaN and InN growth rates—an analysis that is difficult to achieve using a single quantum well of comparable thickness. At the same time, employing thickness ranges relevant to practical quantum wells ensures that the extracted growth parameters and the resulting growth-rate model remain directly applicable to device-oriented GaN/InxGa1–xN heterostructures.1)

Previous studies have often interpreted the increase of xIn with the GaN growth rate as evidence that a higher fGa either enhances In incorporation or suppresses InN desorption.18,32-34) Our results, however, imply that these conventional interpretations should be reconsidered. The observed trend can instead be rationalized by the negative growth-rate intercept associated with InN desorption, which becomes dominant in the kinetically limited regime. As fGa increases, the relative contribution of the desorption term decreases, giving the appearance of improved In incorporation or reduced desorption loss. Once the net InN incorporation exceeds the desorption rate, xIn approaches a saturation value determined by γIn/γGa. Similarly, literature reports of both positive and negative pressure dependences of xIn can be explained by confounding effects of flow balance. Maintaining constant pressure together with fixed flow balance is essential to isolate kinetic effects. Under such conditions, pressure-dependence studies can be interpreted within Eq. (1) to distinguish enhanced In incorporation from suppressed InN desorption.28-31)

B. Relation to previous models

Equation (1) separates incorporation and desorption with minimal, validated parameters and remains robust across a broad process window. In contrast, Fu et al. expressed the rate as


with parasitic and high-temperature losses embedded in γi.25) While this captures slope changes, it cannot reproduce the negative intercept, and it conflates incorporation and desorption. Hu et al. used coupled relations


where D is a proportionality constant depending on reactor size, converting the unit from Pa to nm/min, ηIn and ηGa are incorporation efficiencies, and PIn and PGa are the partial pressures of In and Ga sources.26) This gives a quantitative framework, but parameters are strongly coupled, again obscuring independent treatment of desorption. Thermodynamic approaches clarify driving forces but omit explicit kinetics; adding NH3 decomposition efficiency improves fits but fails at very high temperatures where NH3 partial pressure becomes negligible.22,23) Reaction-path models describe plausible chemistry yet lack a clear quantitative mapping from source flows to growth rates.24) 

C. Applicability limits

While Eq. (1) successfully describes growth in the low-xIn regime, the model assumptions break down under certain conditions. At high vapor-phase ratios (VR ≥ 0.7), AFM revealed a transition from step–terrace to island-like 3D growth, caused by transient In-metal condensation and partial evaporation near dislocations. Because the growth mode changes, the basic premise of independent incorporation and desorption no longer applies. At low temperature (600 °C), insufficient surface diffusion and enhanced segregation/phase separation led to relaxation and composition fluctuations, complicating reliable extraction of growth rates. Under such conditions, rigorous discussion of model validity is not possible. Finally, at very low V/III ratios, samples exhibited severe surface degradation and negligible luminescence, which precludes their use for device applications. As high-efficiency emission is a prerequisite for LEDs and LDs, detailed model-based analysis of this regime is not meaningful. Thus, the model is valid for xIn < 0.25 under well-controlled pressure and flow balance, VR < 0.7, and sufficiently high V/III ratios, but becomes unreliable when growth transitions to 3D, when surface diffusion is inadequate.

V. Conclusion

In this work, we systematically investigated the growth of InxGa1–xN with low xIn (< 0.25) using GaN/InxGa1–xN SLs grown by atmospheric-pressure MOVPE. By employing SL structures, we substantially suppressed the effects of phase separation, strain relaxation, and mixed 2D/3D growth modes, enabling reliable extraction of the effective GaN and InN growth rates within the alloy. The results show that the GaN and InN contributions can be independently separated and described by a phenomenological model that explicitly incorporates both incorporation and desorption processes. This model successfully predicts the InxGa1–xN growth rate within the applicable regime, with physically meaningful parameters that can be independently evaluated. Importantly, under constant pressure and flow balance, the GaN and InN rates depend only on temperature. The model is valid for xIn < 0.25 under well-controlled pressure and flow balance, VR < 0.7, and sufficiently high V/III ratios. It breaks down under excess In supply (VR ≥ 0.7) and low temperature (600 °C), where growth-mode transitions or insufficient surface diffusion occur. These findings provide a practical framework for efficient growth optimization and reliable design of InxGa1–xN active and SL layers, thereby contributing to improved performance of high-power LEDs and the realization of green LDs.
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See the supplementary material for Fig. S1 showing the optical properties of GaN/InxGa1–xN QW structures designed for 520 nm emission. 
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[bookmark: Appendix_Section]Appendix A

The XRD simulations used in this study were performed using a dynamical multilayer diffraction model based on the Takagi–Taupin equations.39) This approach accounts for multiple scattering, refraction, absorption, and wavefield coupling, all of which are essential for accurately reproducing the intensities and fringe structures observed in strained GaN/InxGa1-xN SLs. 

A1. Structural model and treatment of the InxGa1-xN alloy layer

In the dynamical simulations, each InxGa1-xN well was treated as an effective uniform alloy layer whose material parameters were obtained by linear interpolation between those of GaN and InN according to Vegard’s law. As shown in Sec. III.A, the RSMs confirmed that all wells remained pseudomorphically strained to the GaN barriers; therefore, the in-plane lattice constant was fixed to that of GaN. The out-of-plane lattice constant was determined using the linear elastic relation, such that the Takagi–Taupin calculations required only the final strained lattice parameters a and c.

To describe the InxGa1-xN alloy as a mixture of GaN and InN components, the total well thickness was expressed as


, where the tInN and tGaN do not represent actual sublayers but the effective GaN and InN contributions within the ternary alloy. The xIn is therefore given by 


, where the right-hand expression follows from viewing the alloy as being formed from the relative incorporation rates of the InN and GaN components. In the XRD fitting, only  and xIn were treated as independent parameters, while tGaN and tInN followed from the above relations.

A2. Fitting procedure and software cross-validation

The simulated diffraction curves were fitted to the measured symmetric 2θ–ω profiles by minimizing the sum of squared differences using a genetic algorithm.40) In GaN/InxGa1-xN SLs, the satellite-peak spacing and fringe profiles depend strongly on the total period thickness and the average optical contrast between the layers. Consequently, the GaN barrier thickness, InxGa1-xN well thickness, and xIn of InxGa1-xN have correlated effects on the simulated diffraction profile. In general, fitting with three correlated parameters involve a certain degree of ambiguity. However, by fitting the diffraction profiles over a wide angular range including higher-order satellite peaks, the solution space is significantly constrained, thereby improving the reliability and uniqueness of the extracted structural parameters. 

As shown in Sec. III.B, the growth rates of GaN barrier and InxGa1-xN well were nearly identical. Therefore, we introduce the following constraint as Eq. (A3) and perform constrained fitting:


, where TGaN barrier and represent the growth times of the GaN barrier and the InxGa1-xN well, respectively. Under this constraint, the only independent fitting parameters are and xIn, while the remaining layer thicknesses and growth rates are determined accordingly.

From the RSMs, the in-plane and out-of-plane lattice constants of the GaN underlying layers grown on sapphire substrates were experimentally evaluated to be a = 3.185 Å and c = 5.190 Å, respectively. Structural models for the XRD simulations were constructed using these experimentally determined lattice constants, and the resulting fitted structural parameters were found to be indistinguishable, within the experimental uncertainty discussed in this study, from those obtained using bulk GaN lattice constants. Accordingly, for consistency, all fitting results presented in this work were obtained using the bulk GaN lattice constants (a = 3.1893 Å and c = 5.1851 Å).1)

A3. Representative fitting results 

[bookmark: FigA1_text]To illustrate the validity and robustness of the constrained two-parameter fitting scheme adopted in this study, representative fitting results are presented in this section. Figures 10 (a) – (c) show representative symmetric 2θ–ω scan profiles of GaN/InxGa1-xN SLs with different In compositions, together with the corresponding dynamical diffraction fits obtained using the two-parameter constrained fitting approach described in Secs. A1 and A2. In this scheme, only the total InxGa1-xN well thickness and the xIn were treated as independent fitting parameters, while the effective GaN and InN contributions within the alloy layer were uniquely determined through Eqs. (A1)–(A3). As shown in Figs. 10, the experimental profiles (solid lines) are well reproduced by the simulated curves (dotted lines) over a wide angular range, including higher-order satellite peaks and interference fringes. This close agreement demonstrates that the constrained fitting scheme captures the essential structural parameters of the GaN/InxGa1-xN SLs without degradation of fitting quality. The extracted structural parameters obtained from the two-parameter constrained fitting are summarized in Table III.

Figures 11 (a), (b) and (c) present representative results of the same samples obtained using an unconstrained three-parameter fitting scheme, in which GaN barrier thickness, InxGa1-xN well thickness, and xIn were treated as independent fitting parameters. The corresponding fitted parameters are summarized in Table IV. As shown in Figs. 11, the unconstrained three-parameter fitting also reproduces the experimental diffraction profiles reasonably well. The resulting structural parameters are generally consistent, within the experimental uncertainty, with those obtained from the two-parameter constrained fitting. This agreement confirms that the constrained fitting scheme does not introduce systematic bias into the extracted parameters. At the same time, the unconstrained three-parameter fitting exhibits increased parameter correlation and reduced numerical stability, particularly at xIn > 0.20. Therefore, while the three-parameter fitting was performed as a reference, the two-parameter constrained fitting was adopted throughout this study to ensure reliable and robust evaluation of growth rates and compositions in GaN/InxGa1-xN SLs.

A4. Software cross-validation

Furthermore, to confirm that the extracted structural parameters did not depend on software-specific implementations, the analysis was independently performed using Rigaku SmartLab Studio II and Bruker LEPTOS. For identical input conditions, both programs produced fitted parameters that agreed within the experimental uncertainty when the constrained fitting scheme was applied, demonstrating that the results originate from the underlying physical model rather than software-dependent artifacts.
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[bookmark: Fig01]Figure 1. Schematics of (a) three-layer flow channel and (b) six-period GaN/InxGa1–xN SL structure.
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[bookmark: Fig02]Figure 2. Structural characterization of a representative GaN/In0.24Ga0.76N SL grown at 700 ℃. (a) Symmetric 2θ–ω scan profiles around the GaN 002 reflection, exhibiting well-defined satellite peaks and interference fringes, indicative of good structural periodicity. (b) RSM around the GaN 105 reflection, indicating in-plane lattice coherence without significant relaxation.



[image: パソコンの画面

AI 生成コンテンツは誤りを含む可能性があります。]













[bookmark: Fig03]Figure 3. AFM images for GaN/In0.24Ga0.76N SL grown at 700 °C. Step-terrace morphology suggests predominantly 2D growth, while hexagonal V-pits (≈50 nm) correspond to threading dislocations.
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Figure 4. Symmetric XRD 2θ–ω profiles of GaN/InxGa1−xN SLs with GaN barrier growth times of (a) 30 and (b) 60 s. Experimental data (solid lines) and simulated fittings (dotted lines) are compared. The xIn represents the In composition in the InxGa1−xN layer. From satellite spacing, the GaN growth rate was determined as 4.30 nm/min. Fits with GaN thickness fixed yield InxGa1−xN thickness and xIn.
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[bookmark: Fig05]Figure 5. Growth rates of GaN and InN in GaN/InxGa1−xN SLs as functions of fGa and fIn at (a) 700, (b) 740, and (c) 790 °C. Open symbols represent GaN, while filled symbols represent InN. The top axis of the graphs shows the partial pressure of supply-gas source material. Dashed lines indicate linear fittings based on Eq. (1). Each rate increases linearly with its own group-III flow and extrapolates to a nonzero intercept, associated with desorption.
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[bookmark: Fig06]Figure 6. (a) Incorporation efficiency (γGa, γIn) and (b) desorption rate (δGaN, δInN) as functions of growth temperature. (c) Arrhenius plot of the InN desorption rate, yielding an activation energy of ≈0.49 eV.
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[bookmark: Fig07]Figure 7. Growth rates of GaN and InN in GaN/InxGa1−xN SLs as a function of fIn at fixed fGa: (a) 700 °C, (b) 740 °C, and (c) 790 °C. Open symbols denote GaN, while filled symbols denote InN. Solid lines correspond to the fits obtained in Fig. 5. At high vapor-phase ratios (VR ≥ 0.7), γIn drops markedly, indicating breakdown of the model. The top axis shows the partial pressure of the supplied group-III source gases.
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[bookmark: Fig08]Figure 8. AFM image of GaN/InxGa1−xN SLs grown under high vapor-phase ratios (VR ≥ 0.7), showing coalescence of pits and transition to three-dimensional island-like growth. Step–terrace morphology is replaced by irregular depressions and island-like features, attributed to transient In condensation and partial evaporation.
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[bookmark: Fig09]Figure 9. Structural characterization of a representative GaN/InxGa1-xN SL grown at 600 °C with V/III = 3000–11000 and VR < 0.7. (a) Symmetric 2θ–ω scan profiles around the GaN 002 reflection. (b) RSM around the GaN 105 reflection. Fringes are blurred, indicating composition fluctuation, while the RSM shows relaxation. 
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Figure 10. Representative symmetric 2θ–ω scan profiles of GaN/InxGa1−xN SLs together with dynamical diffraction simulation results obtained using the constrained two-parameter fitting scheme. Panels (a)–(c) correspond to samples with different In compositions. Experimental data are shown as solid lines, and simulated curves are shown as dotted lines. The simulations reproduce the experimental profiles well over a wide angular range, including higher-order satellite peaks and interference fringes, demonstrating the validity and robustness of the constrained fitting approach. The fitted structural parameters obtained from these profiles are summarized in Table III.
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Figure 11. Representative symmetric 2θ–ω scan profiles of GaN/InxGa1−xN SLs together with dynamical diffraction simulation results obtained using the unconstrained three-parameter fitting scheme. Panels (a)–(c) correspond to the same samples as in Fig. 10. Experimental data are shown as solid lines, and simulated curves are shown as dotted lines. The overall agreement with the experimental profiles is comparable to that obtained with the constrained fitting, indicating consistency between the two approaches within the experimental uncertainty. The fitted structural parameters obtained from these profiles are summarized in Table IV.
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[bookmark: TableIAI]Table I. Summary of MOVPE growth conditions and XRD fitting results for GaN/InxGa1-xN SLs. The sample names (A–D) in this table correspond to those presented in Chapters A–D of Section III (Results).
*Units of time, fi, and thickness are sec, μmol/min, and nm, respectively. 
During InxGa1-xN growth, the same fGa and fN values as in GaN growth were used.
fi (i = Ga, In, N): molar flow rate; V/III: V/III ratio; VR: In vapor-phase ratio; xIn: In composition; tGaN (or InN): thickness of GaN (or InN) in the alloy. 
	Sample
	Tg
	Growth conditions
	XRD fitting results

	
	
	GaN
	InxGa1-xN
	GaN
	InxGa1-xN

	
	
	Time
	fGa
	fN (×10-3)
	V/III
	Time
	fIn
	V/III
	VR
	Thickness
	Thickness
	xIn
	tGaN
	tInN

	A
	700
	139
	33
	357
	~10800
	30
	61
	~4000
	0.65
	9.57
	2.72
	0.241
	2.06
	0.66

	B1
	700
	30
	35
	357
	~10800
	30
	57
	~4000
	0.63
	2.15
	2.81
	0.237
	2.14
	0.67

	B2
	700
	60
	35
	357
	~10800
	30
	57
	~4000
	0.63
	4.28
	2.82
	0.241
	2.14
	0.68

	C1.1
	700
	139
	33
	357
	~10800
	30
	57
	~4000
	0.63
	9.48
	2.70
	0.242
	2.05
	0.65

	C1.2
	700
	247
	21
	357
	~17000
	54
	14
	~10000
	0.40
	10.51
	2.38
	0.045
	2.27
	0.11

	C1.3
	700
	284
	19
	357
	~19000
	60
	19
	~9000
	0.50
	10.82
	2.56
	0.098
	2.31
	0.25

	C1.4
	700
	277
	17
	357
	~22000
	60
	28
	~8000
	0.63
	9.19
	2.46
	0.190
	1.99
	0.47

	C1.5
	700
	277
	17
	179
	~11000
	60
	28
	~4000
	0.63
	9.19
	2.46
	0.190
	1.99
	0.47

	C1.6
	700
	332
	13
	286
	~22000
	72
	23
	~8000
	0.63
	8.43
	2.24
	0.183
	1.83
	0.41

	C1.7
	700
	332
	13
	143
	~11000
	72
	23
	~4000
	0.63
	8.43
	2.24
	0.183
	1.83
	0.41

	C1.8
	700
	395
	9
	357
	~38000
	99
	22
	~11000
	0.70
	6.98
	2.30
	0.243
	1.74
	0.56

	C1.9
	700
	554
	8
	179
	~22000
	120
	14
	~8000
	0.63
	8.41
	2.09
	0.129
	1.82
	0.27

	C2.1
	740
	53
	58
	357
	~6000
	15
	52
	~3000
	0.47
	7.00
	2.24
	0.103
	2.01
	0.23

	C2.2
	740
	94
	49
	357
	~7000
	20
	84
	~3000
	0.63
	10.45
	2.77
	0.196
	2.22
	0.54

	C2.3
	740
	86
	47
	357
	~8000
	19
	52
	~4000
	0.53
	9.09
	2.25
	0.126
	1.97
	0.28

	C2.4
	740
	238
	19
	357
	~19000
	51
	43
	~6000
	0.70
	9.72
	2.72
	0.227
	2.10
	0.62

	C2.5
	740
	277
	17
	357
	~22000
	60
	28
	~8000
	0.63
	10.00
	2.48
	0.128
	2.17
	0.32

	C2.6
	740
	332
	13
	286
	~22000
	72
	23
	~8000
	0.63
	9.46
	2.34
	0.124
	2.05
	0.29

	C3.1
	790
	94
	49
	357
	~7000
	20
	84
	~3000
	0.63
	10.82
	2.56
	0.100
	2.30
	0.26

	C3.2
	790
	112
	41
	357
	~9000
	24
	52
	~4000
	0.56
	10.60
	2.42
	0.052
	2.29
	0.12

	C3.3
	790
	139
	33
	357
	~11000
	30
	57
	~4000
	0.63
	10.82
	2.53
	0.076
	2.33
	0.19

	C3.4
	790
	162
	26
	357
	~14000
	35
	60
	~4000
	0.70
	9.81
	2.37
	0.099
	2.13
	0.23

	C3.5
	790
	185
	25
	357
	~14000
	40
	43
	~5000
	0.63
	10.60
	2.42
	0.052
	2.29
	0.13

	D1.1
	700
	426
	9
	357
	~37700
	122
	22
	~11000
	0.70
	7.54
	2.68
	0.197
	2.16
	0.53

	D1.2
	700
	434
	9
	357
	~37700
	125
	28
	~9000
	0.75
	7.56
	2.71
	0.197
	2.18
	0.53

	D1.3
	700
	435
	9
	357
	~37700
	126
	38
	~7000
	0.80
	7.58
	2.74
	0.206
	2.18
	0.57

	D1.4
	700
	452
	9
	357
	~37700
	134
	84
	~4000
	0.90
	7.88
	2.95
	0.242
	2.24
	0.71

	D2.1
	740
	426
	9
	357
	~37700
	121
	22
	~11000
	0.70
	8.13
	2.73
	0.155
	2.31
	0.42

	D2.2
	740
	434
	9
	357
	~37700
	124
	28
	~9000
	0.75
	8.30
	2.81
	0.155
	2.37
	0.43

	D2.3
	740
	435
	9
	357
	~37700
	126
	38
	~7000
	0.80
	8.75
	2.95
	0.142
	2.53
	0.42

	D2.4
	740
	452
	9
	357
	~37700
	120
	84
	~4000
	0.90
	9.47
	2.93
	0.143
	2.51
	0.42

	D3.1
	790
	270
	16
	357
	~22000
	60
	38
	~7000
	0.70
	9.90
	2.35
	0.064
	2.20
	0.15

	D3.2
	790
	270
	16
	357
	~22000
	60
	49
	~5000
	0.75
	9.95
	2.31
	0.043
	2.21
	0.10

	D3.3
	790
	270
	16
	357
	~22000
	60
	67
	~4000
	0.80
	10.13
	2.34
	0.038
	2.25
	0.09




Table II. Summary of XRD fitting results for GaN/InxGa1-xN SLs. The GaN and InN growth rates inside the alloy were extracted through a three-step fitting procedure (see footnotes). Thickness errors correspond to ≈1% in growth rate.

*GR: growth rate (nm/min)
	Step
	Sample
	GRGaN
	GRInGaN
	xIn
	GRGaN in alloy
	GRInN in alloy
	Period thickness/time

	1
	B1
	b - a = 4.30
	
	
	
	
	9.98

	
	B2
	
	
	
	
	
	14.28

	2
	B1
	4.30 (fixed)
	5.74
	0.240
	4.36
	1.41
	10.04

	
	B2
	4.30 (fixed)
	5.74
	0.246
	4.32
	1.42
	14.34

	3
	B1
	4.29 (identical)
	5.62
	0.237
	4.29 (identical)
	1.34
	9.91

	
	B2
	4.28 (identical)
	5.64
	0.241
	4.28 (identical)
	1.36
	14.21



Footnotes
Step (1): The GaN growth rate was determined from the satellite peak spacing.
Step (2): With this GaN rate fixed, the alloy growth rate and xIn were obtained by dynamical fitting.
Step (3): Assuming that the GaN growth rate inside the alloy is identical to that of pure GaN, the alloy growth rate was then used to extract the individual GaN and InN growth rates.



Table III. Structural parameters and growth rates of GaN/InxGa1−xN SLs extracted from the constrained two-parameter dynamical diffraction fitting shown in Fig. 10. The total InxGa1−xN well thickness and xIn were treated as independent fitting parameters, while the effective GaN and InN contributions were derived based on the alloy model. Further details are provided in Table I.

*Units of time (T), thickness (t), and growth rate (GR) are sec, nm, nm/min, respectively. 
	
	Growth time
	XRD fitting results
	
	
	Estimating GR

	Sample
	TGaN
	TInGaN
	tGaN
	tInGaN
	xIn
	tGaN in alloy
	tInN in alloy
	GRGaN
	GRGaN in alloy

	C3.1
	94
	20
	10.82
	2.56
	0.100
	2.3
	0.26
	6.91
	6.91

	C1.4
	277
	60
	9.19
	2.46
	0.190
	1.99
	0.47
	1.99
	1.99

	A
	139
	30
	9.57
	2.72
	0.242
	2.06
	0.66
	4.13
	4.13





Table IV. Structural parameters and growth rates of GaN/InxGa1−xN SLs obtained from the unconstrained three-parameter dynamical diffraction fitting shown in Fig. 11. The GaN barrier thickness, InxGa1−xN well thickness, and xIn were treated as independent fitting parameters. The listed values correspond to the same samples as in Fig. 10 and are provided for comparison with the constrained fitting results.

*Units of time (T), thickness (t), and growth rate (GR) are sec, nm, nm/min, respectively. 
	
	Growth time
	XRD fitting results
	
	
	Estimating GR

	Sample
	TGaN
	TInGaN
	tGaN
	tInGaN
	xIn
	tGaN in alloy
	tInN in alloy
	GRGaN
	GRGaN in alloy

	C3.1
	94
	20
	10.78
	2.60
	0.099
	2.34
	0.26
	6.88
	7.03

	C1.4
	277
	60
	9.02
	2.68
	0.180
	2.20
	0.48
	1.95
	2.20

	A
	139
	30
	9.29
	3.00
	0.221
	2.34
	0.66
	4.01
	4.67
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