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1|Introduction    

One of the most critical and actively researched challenges in solid-state electronics is the enhancement of 

the integration density of integrated circuit components, including p–n junctions and their functional 
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Abstract 

In this paper, we propose an approach for increasing the integration density of complementary gate overlap field-

effect heterotransistors within the framework of a double-tail comparator. The pro-posed approach is based on the 

use of a heterostructure with a specially designed configuration. Several designated regions of the heterostructure are 

selectively doped using diffusion and/or ion implantation techniques. The subsequent annealing process, aimed at 

activating dopants and repair-ing radiation-induced defects, is subject to optimization.To predict and analyze the 

technological process, we develop a comprehensive mathematical model based on a system of partial differential 

equations. Furthermore, an analytical approach is employed to investigate the proposed model. This approach enables 

the consideration of both spatial and tem-poral variations of the model parameters, as well as the inherent 

nonlinearities of the underlying physical processes.  
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  assemblies [1–5]. The continuous demand for higher performance, lower power consumption, and reduced 

chip area has made dimensional scaling a key requirement in modern micro- and nanoelectronics technologies. 

As a result, increasing the integration density inevitably requires a substantial reduction in the physical 

dimensions of individual circuit elements [6–8]. 

To achieve this goal, several advanced technological approaches have been developed and extensively 

investigated. Among them, laser and microwave annealing techniques for introduced dopants have gained 

significant attention. These annealing methods are also widely employed for the elimination of radiation-

induced defects generated during ion implantation processes. Compared with conventional thermal annealing, 

laser and microwave annealing provide improved control over thermal budgets and enable localized heating, 

which is particularly advantageous for nanoscale device fabrication [9–13]. 

The use of such annealing techniques allows an increase in the integration density of integrated circuit 

elements by intentionally introducing spatial inhomogeneities in technological parameters, primarily through 

the formation of nonuniform temperature distributions. Under these conditions, the characteristic 

dimensions of device elements can be effectively reduced, as dictated by the Arrhenius law governing 

thermally activated processes [1], [3], [14]. This approach makes it possible to tailor diffusion lengths and 

activation profiles, thereby enabling more precise control over junction depths and lateral dimensions. 

Another widely used approach for fabricating integrated circuit elements with reduced dimensions involves 

the doping of heterostructures using diffusion or ion implantation techniques [1–3]. Heterostructures provide 

additional degrees of freedom for controlling carrier transport and junction properties due to their material 

composition and band structure engineering. However, the successful implementation of this approach 

requires careful optimization of dopant activation and the annealing of radiation-induced defects, as improper 

thermal treatment may degrade device performance or structural integrity [14].  

In this paper, we consider a heterostructure consisting of a substrate and multiple epitaxial layers. Specific 

regions are formed within the epitaxial layers to define the functional sections of the device. These regions 

are subsequently doped using diffusion and/or ion implantation techniques. Such doping enables the 

fabrication of complementary gate overlap field-effect heterotransistors within the framework of a double-

tail comparator, as illustrated in Fig. 1.  

The proposed fabrication approach allows for a significant increase in the packing density of the comparator 

circuit elements by reducing the characteristic dimensions of individual device components. Following the 

doping process, the introduced dopants and/or radiation-induced defects must undergo annealing to achieve 

the required electrical activation and to restore the crystal lattice. Within the scope of this study, we analyze 

the dynamics of dopant redistribution and the evolution of radiation-induced defects during the annealing 

process. Particular attention is paid to the spatial and temporal behavior of these processes, as they critically 

influence the final device geometry and performance.  

Based on this analysis, we propose an approach for reducing the dimensions of the device elements. However, 

the implementation of this approach necessitates a more complex technological process, which must be 

carefully optimized to balance fabrication complexity and device. 
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Fig. 1. The considered comparator [15]. 

 

2|Method of Solution 

In this section, we determine the spatial-temporal distributions of dopant atoms introduced by diffusion or 

ion implantation, as well as radiation-induced defects generated during the technological process. The 

evolution of the dopant concentration is governed by the second Fick’s law [1], [3], [14]. 

where C(x, y, z, t) is the dopant concentration and DC is the dopant diffusion coefficient. The boundary and 

initial conditions correspond to zero-flux boundaries and a prescribed initial dopant distribution. 

The dopant diffusion coefficient depends on the heterostructure material, annealing temperature, dopant 

concentration, and radiation defect density. Following Refs. [8], [14],  [16–18], this dependence is 

approximated as 

ac9(x, y, , t)

∂t
= ∇. (Dc∇C(x, y, z, t)), (1) 
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where DLaccounts for spatial and temperature dependences in accordance with the Arrhenius law, Pis the 

dopant solubility limit, Vis the vacancy concentration, and V∗is its equilibrium value. In the case of diffusion-

based doping, radiation defects are absent and the corresponding terms vanish. 

For ion implantation, radiation-induced point defects such as vacancies Vand interstitials Iare generated. Their 

spatio-temporal evolution is described by a coupled system of diffusion–reaction equations [14], [16], which 

accounts for defect diffusion, recombination, and the formation of simple defect complexes. In compact 

form, this system can be written as 

where Dρ are the diffusion coefficients of point defects, kI,V is the recombination rate, and Gρ represents 

generation terms associated with defect complexes. 

The formation and evolution of divacancies and interstitials are described by similar diffusion equations with 

decay terms. Detailed formulations, boundary conditions, and reaction parameters are provided in the 

Appendix to avoid excessive mathematical complexity in the main text. 

To obtain analytical solutions, we employ a perturbation-based approach recently developed in Ref. [14] 

Spatially and temperature-dependent diffusion coefficients and reaction parameters are expressed as small 

deviations from their average values, for example, 

with 0 ≤ ερ < 1. Dimensionless spatial variables are then introduced to simplify the governing equations. 

The concentrations of dopants and radiation defects are sought in the form of power-series expansions with 

respect to the perturbation parameters. Substitution of these expansions into the governing equations yields 

a sequence of linear problems for the zero-order approximations and higher-order corrections. These 

problems are solved analytically using standard Fourier techniques [19], [20]. Explicit expressions for the 

solutions are presented in the Appendix. 

All results are obtained within the second-order approximation, which provides sufficient accuracy for both 

qualitative analysis and quantitative predictions. The analytical results are verified by numerical simulations, 

demonstrating good agreement between the two approaches 

3|Discussion 

In this section, we analyze the spatial-temporal distributions of dopant concentrations obtained from the 

proposed model. Fig. 2 illustrates typical spatial profiles of dopant concentration in the vicinity of 

heterostructure interfaces. The presented distributions are calculated under the condition that the dopant 

diffusion coefficient within the doped region is higher than that in the adjacent layers. 

Under these conditions, an increase in the compactness of field-effect transistors is observed, accompanied 

by an improvement in the homogeneity of the dopant concentration distribution. This behavior can be 

attributed to enhanced dopant redistribution within the active region, which promotes more uniform junction 

formation while limiting excessive diffusion into neighboring layers. 

Conversely, altering the ratio between the diffusion coefficients of the doped region and the surrounding 

areas leads to the opposite effect, as shown in Fig. 3. In this case, reduced dopant confinement results in less 

uniform concentration profiles and increased lateral spreading, which negatively affects device compactness 

and integration density 

Dc = Dl(x, y, z, T) [1 + γ
C

P(x, y, z, T
] [1 + ξ

V(x, y, z, t)

V∗
], (2) 

∂ρ

∂t
= ∇ ⋅ (Dρ∇ρ) − kI,VIV + Gρ, ρ = I, V, (3) 

Dρ(x, y, z, T) = Dρ0[1 + ερgρ(x, y, z, T)]  (4) 
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Fig. 2. Dopant concentration profiles in the heterostructure. 

 

as a function of the coordinate perpendicular to the interface between the epitaxial layer and the substrate. 

The difference between the dopant diffusion coefficients in the heterostructure layers increases with the 

number of curves. The dopant diffusion coefficient in the epitaxial layer is higher than that in the substrate. 

 

Fig. 3. Dependences of concentration of dopant, implanted in heterostructure. 

 

Fig. 2 Dopant concentration profiles along the coordinate perpendicular to the interface between the epitaxial 

layer and the substrate. The difference between dopant diffusion coefficients in the heterostructure layers 

increases with the number of curves. The diffusion coefficient in the epitaxial layer is higher than in the 

substrate. Curve 1 represents a homogeneous sample with an annealing time of Θ = 0.0048(Lx
2 + Ly

2 + Lz
2)/D0, 

while Curve 2 corresponds to a homogeneous sample with Θ = 0.0057(Lx
2 + Ly

2 + Lz
2)/D0. Curves 3 and 4 

correspond to the heterostructure shown in Fig. 1, with annealing times Θ = 0.0048(Lx
2 + Ly

2 + Lz
2)/D0and 

Θ = 0.0057(Lx
2 + Ly

2 + Lz
2)/D0, respectively. 
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Fig. 4. Distributions of concentration of dopant. 

 

Dopant concentration profiles in the central section of the epitaxial layer from Fig. 1 along the direction 

parallel to the interface between the epitaxial layer and the substrate. The difference between dopant diffusion 

coefficients increases with the number of curves. In this section, the dopant diffusion coefficient is lower 

than in the adjacent regions. 

 

Fig. 5. Calculated distributions of implanted dopant in epitaxial layers of heterostructure. 

 

Solid lines represent the spatial distributions of implanted dopants in a system consisting of two epitaxial 

layers, while dashed lines correspond to the distributions in a single epitaxial layer. The annealing time 

increases with the number of curves. 

It should be noted that, within the framework of the proposed approach, the annealing process for dopants 

and/or radiation defects must be optimized. For this purpose, we employed a recently introduced 

optimization criterion [21–26]. The method is based on approximating the actual dopant distribution using a 

stepwise function ψ(x, y, z), as illustrated in Figs. 6 and 7. The optimal annealing times are then determined 

by minimizing the mean-squared error between the target and actual distributions. 

( ) ( )
yx zLL L

x y z 0 0 0

1
U C x,y,z,Θ ψ x,y,z dzd ydx

L L L
=  −      (5) 
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Fig. 6. Distributions of concentration of infused dopant in depth of heterostructure. 

 

Figs. 6 and 7 Comparison of dopant concentration distributions for different annealing times. Curves 2–4 

correspond to different annealing times, while Curve 1 represents the idealized stepwise approximation. An 

increase in the curve number corresponds to an increase in annealing time. 

 

Fig. 7. Distributions of concentration of implanted dopant in depth of heterostructure. 

 

Curves 2-4 in Fig. 8 represent dopant concentration distributions for different annealing times, while Curve 

1 corresponds to the idealized stepwise approximation. An increase in the curve number indicates a longer 

annealing time. 

Figs. 8 and 9 shows the optimal annealing times as functions of the relevant process parameters. It is well 

known that a standard step in the fabrication of ion-doped structures is the annealing of radiation-induced 

defects. Ideally, upon completion of annealing, the dopant reaches the interface between the heterostructure 

layers. If the dopant does not have sufficient time to reach the interface, additional annealing may be required. 

Fig. 9 illustrates the optimal values of this additional annealing time for the same set of parameters as in Fig. 

8. 

It is observed that the necessity to anneal radiation defects generally results in lower optimal annealing times 

for implanted dopants compared to the optimal annealing times required for diffused dopants. This behavior 

reflects the interplay between defect removal and dopant redistribution during the thermal treatment process. 
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Fig. 8. Dimensionless optimal annealing time of infused dopant 

as a function of several parameters. 

 

Fig. 9. Dependence of optimal annealing time on various parameters: Curve 1 represents the dependence on 

the ratio a/L with ξ = γ = 0 and equal dopant diffusion coefficients throughout the heterostructure. Curve 2 

shows the dependence on the parameter 𝜀for a/L = 1/2 and ξ = γ = 0 Curve 3 illustrates the dependence on 

the parameter ξfor a/L = 1/2 and ε = γ = 0 Curve 4 corresponds to the dependence on the parameter 𝛾for 

a/L = 1/2 and ε = ξ = 0. 

 

 

Fig. 9. Dimensionless optimal annealing time of implanted dopant as 

a function of several parameters.  

 

Fig. 9. Dependence of optimal annealing time on various parameters: Curve 1 represents the dependence on 

the ratio a/Lwith ξ = γ = 0 and uniform dopant diffusion coefficients throughout the heterostructure. Curve 

2 shows the dependence on the parameter 𝜀for a/L = 1/2 and ξ = γ = 0. Curve 3 illustrates the dependence 

on the parameter ξ for a/L = 1/2 and ε = γ = 0. Curve 4 corresponds to the dependence on the parameter 

γfor a/L = 1/2 and ε = ξ = 0 [27]. 
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4|Conclusion 

In this paper, we propose a novel approach to enhance the integration density of complementary gate overlap 

field-effect heterotransistors within the framework of a double-tail comparator. The proposed method allows 

for a significant reduction in the footprint of individual transistors while introducing only a minimal increase 

in their thickness. By optimizing the heterostructure design and doping profiles, this approach not only 

improves the compactness of the circuit elements but also preserves their electrical performance. The 

resulting increase in integration density provides a pathway for developing more complex and highly 

functional comparator circuits without compromising device reliability or operational speed. 
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