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ABSTRACT

This study investigates the potential of neutron transmutation doping (NTD) for enhancing the electrical uniformity of
gallium arsenide (GaAs) wafers used in photovoltaic cells. Uniformity is crucial for improving solar cell efficiency, which
is a key objective in solar power engineering. We employ the SCALE®.1 code to simulate the impact of NTD on the Radial
Resistivity Gradient (RRG) within GaAs wafers for various neutron fluence values. The results demonstrate a clear
decrease in RRG with increasing neutron fluence. Notably, acceptable RRG values (below 5%) are achievable for both
high (25 Q.cm) and low (5 Q.cm) initial resistivity GaAs wafers with moderate neutron fluence levels (7.25x10* nlcm? and
3.63x10™ n/cm?, respectively). This suggests that NTD can effectively improve the electrical properties of GaAs, leading to
potentially higher solar cell efficiency.
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1. Introduction

Solid-state materials irradiated with thermal neutrons have garnered significant attention for use in potential
applications. Due to the high penetrating power of neutrons, neutron-transmutation doping (NTD) is a specialized
technique for semiconductor doping with precise control of dopant concentration and uniform distribution [1-4]. This
method relies on the capture of thermal neutrons by nuclei within the solide-state material lattice of the primary
semiconductor material. The effectiveness of this process depends on capture cross-sections and natural isotope abundances
in the irradiated sample.

Gallium arsenide (GaAs) stands as one of the most widely used 111-V semiconductor-compounds in photovoltaic

applications. It is well known by its high electron mobility and direct band gap. Single-junction GaAs devices can achieve
efficiencies approaching 30%. Due to their adequate electrical and thermal properties, GaAs solar cells have been
extensively studied and have rapidly become a reference system for thin-film solar cells [5].

In contrast to silicon, GaAs's direct bandgap enhances light absorption. This characteristic allows producing thin and
flexible solar cells ideal for weight-sensitive applications where high efficiency is needed. However, the high
manufacturing cost of GaAs solar cells, makes their widespread adoption significantly expansive compared to silicon-based
technology [6].

The ongoing enhancement of the electrical properties of semiconductor-based photovoltaic cells constitutes a research
area of great interest. In the frame of this objective, this study proposes the NTD application to achieve a uniform
distribution of electrical resistivity within doped GaAs semiconductors.

This study aims to simulate neutron transmutation doping (NTD) conditions of GaAs used in photovoltaic cells. The
SCALES®6.1 code system [7] is used to model and simulate the radial homogenization of dopants within the GaAs wafer
after irradiation under different neutron fluences. Based on the simulated reaction rate values, which allow us to determine
the dopant concentration produced within the irradiated target, the final resistivity distribution can be calculated and the
predicted enhancement is established.

2. Neutron transmutation doping of GaAs

The NTD of silicon semiconductor in thermal neutron flux was reported by Tanenbaum and Mills [1]. This method has
become a commercially viable process for producing bulk silicon with exceptionally uniform dopant distribution. Due to
the challenges of achieving a uniform and precisely controlled dopant profile using traditional methods, NTD is particularly
attractive for GaAs which is a promising material for high-efficiency solar cells.

Following the pioneering work by Mirianashvili and Nanobashvili (1971) on NTD of GaAs [2], significant research
interest has emerged in this field [8-12]. These studies have demonstrated the effectiveness of NTD in achieving precise
dopant concentrations in GaAs. The process relies on thermal neutron capture reactions with the main isotopes of GaAs, as
shown below:

%Ga(n,y)"°Ga —°Ge+p (21.14 min)
"Ga(n,y)"*Ga —°Ge+p (14.095 h)
B As(n,y)"®As —®Se+p (26.26 h)

The Se and Ge produced by NTD have different impacts on the electrical properties of GaAs. Se acts as a deep donor
with an energy level close to the conduction band, contributing to n-type conductivity. Ge, on the other hand, can behave as
a shallow donor if located on a Ga site or as an acceptor (Ev+0.04 eV) if located on an As site. Since most of the NTD-
doped Se and a portion of the Ge are expected to act as donors, neutron transmutation doping is predicted to favor n-type
doping in GaAs [13].

3. Simulation Setup for NTD

This section describes the geometric modeling of the configuration used for simulating the NTD process in a gallium
arsenide (GaAs) wafer for solar cell applications. The modeling is performed using the SCALE®.1 code.

3.1. Geometry description

The simulated configuration consists of a cuboid GaAs wafer (3x3x0.02 cm3) placed inside an aluminum (Al) capsule (Fig.
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Fig 1. SCALE6.1 modeled system.

3.2. Material composition

The material composition of the GaAs wafer includes Ga-nat and As-nat as its primary elements, constituting the
fundamental structure of GaAs. Si-nat atoms are introduced as dopant impurities to adjust the initial resistivity, which
depends on their initial concentration. The mass fraction of Si-nat varies across the wafer to simulate a non-uniform initial
resistivity distribution. Table 1 summarizes the composition of the studied GaAs semiconductor, highlighting the mass
fraction and mass density of each element.

Table 1. Composition of the studied GaAs semiconductor

Mass fraction Mass density

Composition (%) (glem?)
Si-nat (variable) (2.58-12.92)x10°®

Ga-nat 48.203 5.31
As-nat 51.797

3.3. Neutron source

The neutron source used in this setup is a planar source positioned parallel to the GaAs wafer surface. This source emits
neutrons in a single direction, perpendicular to the wafer surface, ensuring direct interaction with the GaAs material. This
arrangement allows the modeling of unilateral neutron irradiation used in the NTD process. The used thermal neutron flux
and fast neutron flux are respectively 1x10™ n/cmz-s and 1x10° n/cm?-s. The ratio of these two neutrons flux is 1000,
corresponding to typical NTD conditions as defined by the IAEA in 2012 [14].

To predict the neutron effects on GaAs, we employed the Monte Carlo simulation code SCALE6.1. This software
enables precise simulation of reaction rates (reaction per second) which helps in the theoretical assessment of neutron
fluence effects for a given irradiation time. The analysis of the integral reactions number depicts how neutron interactions
progress during irradiation. This provides detailed information on the dopant behavior in the GaAs wafer under the used
irradiation conditions.

This approach allowed us to predict theoretical outcomes before any physical experimentation, ensuring a
comprehensive and rigorous study methodology.
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4. Monte Carlo calculation methodology for dopant uniformity analysis

In order to study the radial uniformity of dopant concentration within the GaAs wafer after NTD, a Monte Carlo
calculation methodology is employed. The process involves the following steps:

4.1. Cell division

To investigate the influence of an initial non-uniform dopant distribution with a 25% radial resistivity gradient across
the wafer, the simulation assumes the GaAs wafers to be initially n-type doped with Si-nat. By virtually dividing the wafer
into 25 smaller cells (Fig. 2), the simulation allows for a detailed analysis of how this non-uniformity is evolved during the
NTD process.

N;—| 1 [0.984/0.96| 0.9 0.888

1.024| 1 (0.984/ 096 0.9

1.046(1.024| 1 0.984 0.96

1.084/1.046/1.024, 1 0.984

1.112/1.084/1.046/1.024, 1 | <Nz

Fig 2. Normalized initial resistivity distribution map (Measuring points).

The initial resistivity of each cell "j” is calculated by multiplying the global average initial resistivity (p;) of the GaAs
material by the corresponding value from the normalized initial resistivity (N;) as shown in the distribution map (Fig. 2):

P = PixN, j=1,2,..,25 (1
where pj is the initial resistivity of the GaAs wafer in the cell "j" (Q.cm).

4.2. Initial dopant concentration calculation

To determine the initial dopant concentration for each cell of GaAs (Cjy), Equation 2 is used, taking into account
parameters such as the initial resistivity of the GaAs material in the cell "j” (p;;) and the mobility of charge carriers:

1
C, - @
by + )

where:

Cij: the initial dopant concentration in the cell "j” (atoms/cmg).
He: the electron mobility at 300 K (8500 cm?/Vs) [15].
Hy: the hole mobility at 300 K (350 cm?/Vs) [15].
q: the elementary charge (1.6x10™°C).

It is assumed that the initial dopant present in the GaAs wafer is silicon (Si-nat) (Tablel). During the material definition
in the SCALESG.1 code, the specific resistivity and the corresponding dopant concentration of each of 25 cells are accurately
represented in the simulation model.

4.3. Dopant concentration produced by NTD

The SCALESG.1 code calculates the (n,y) reaction rates in the GaAs material for each cell "j” (R;), which involves the
absorption of neutrons by Ga and As atoms, resulting in the formation of dopant atoms (Se and Ge). The dopant
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concentration produced during NTD in each cell (C) is calculated by multiplying the (n,y) reaction rate (R;) by the
irradiation time (t;), as shown in Equation 3:

C, =R, +t, @3
where:
C,; : the concentration of produced dopants in the cell ”j” (atoms/cm?).
R; : the (n,y) reaction rate in the cell "j” (reactions/s).
t, : the irradiation time (seconds).

4.4. Final dopant concentration calculation

The final dopant concentration in each cell (Cy) is then determined by adding the corresponding initial dopant
concentration (Cj) to the dopant concentration produced by NTD (Cy;), as expressed in Equation 4:

C,=C;+C, (4
where:
Cj; : the final dopant concentration in the cell "j” (atoms/cm?).
However, the (n,y) reaction rate is a critical parameter influencing the final dopant concentration. By accurate modeling
of these reaction rates, we can predict the dopant concentration distribution in the GaAs wafer, ensuring a precise and
reliable analysis of the NTD process.

4.5. Final resistivity calculation after NTD

After irradiation, each cell will exhibit a final resistivity, contributing to an overall lower average resistivity of the GaAs
wafer. The final resistivity of each cell (pg) is calculated using Equation 5, which incorporates the final dopant
concentration of each cell (Cy):

1
— 5
P = (
J ij qu(/‘e "‘ﬂh)
Then, the average finale resistivity (ps) can be obtained by Equation 6:
n
2Py
=2 (6

Pi n

where n is the number of cells.
This approach ensures a detailed and accurate assessment of the dopant uniformity, achieved through NTD, and its
impact on the GaAs electrical properties.

5. Quantifying radial resistivity gradient

The radial resistivity gradient (RRG) is a metric used to quantify the non-uniformity in resistivity across the wafer.
Equation 7 is used to calculate the RRG, by using the minimum ( o, ) and maximum ( o, ) resistivity values measured
for all cells of the GaAs surface [14]:

RRG = (pmax _pmin)X]‘oo

pmin
This metric is essential for evaluating how resistivity varies spatially within the wafer, directly influencing
semiconductor performance. Maintaining an RRG within 5% aligns with typical customer requirements [14,17,18],
ensuring consistent quality and reliability in semiconductor manufacturing and applications.

(%) Y
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6. Results and discussion

6.1. Impact on Electrical Resistivity

Fig. 3 demonstrates the relationship between neutron fluence (a measure of neutron irradiation intensity) and the
average electrical resistivity of the GaAs wafer. We observe a clear decrease in resistivity with increasing neutron fluence.
This decrease is attributed to the increased dopant concentration produced by NTD (refer to step 4 of the methodology).

The initial resistivity of the GaAs wafer also plays a role. For wafers with higher initial resistivity (e.g., 25 Q.cm), the
decrease in resistivity is more significant compared to those with lower initial resistivity (e.g., 5 Q.cm). This is because the
NTD process introduces a larger relative change in dopant concentration for wafers with a lower initial concentration.

25

GaAs
_ 5 Q.cm
] — 10 Q.cm
15 Q.cm|
—20 Q.cm

25 Q.cm|

Average electrical resistivity (Q.cm)

O T T L T T L jl
0 1x10" 2x10" 3x10" 4x10" 5x10"
Neutron fluence (n/cmz)

Fig. 3. GaAs electrical resistivity evolution as function of neutron fluence for various initial resistivities.

6.2. Impact on Radial Resistivity Gradient

Fig. 4 focuses on the Radial Resistivity Gradient (RRG), which reflects the uniformity of dopant concentration across
the wafer's radius. The results show a significant decrease in RRG with increasing neutron fluence. This indicates that NTD
effectively reduces the non-uniformity of the dopant distribution, leading to a more homogeneous concentration profile
within the wafer. Notably, for neutron fluence exceeding 3x10™ n/cm?, the average resistivity reaches a near-constant value
around 2 Q.cm (Fig. 3), suggesting a high degree of uniformity.

6.3. Optimizing NTD for different initial resistivities

The effectiveness of NTD for achieving a desired level of uniformity (low RRG) depends on the initial resistivity of the
GaAs wafer, as confirmed in Fig. 4. To achieve an acceptable RRG value (below 5%), different neutron fluence levels are
required for varying initial resistivity conditions.

For wafers with higher initial resistivity (such as 25 Q.cm), a relatively low neutron fluence (F1 = 7.25x10™ n/cm?) is
sufficient to achieve the target RRG value. This indicates a simpler and potentially less time-consuming NTD process for
these wafers.

Conversely, wafers with lower initial resistivity (such as 5 Q.cm) require a higher neutron fluence (F2 = 3.63x10%
n/cm?) to reach the same RRG target. While this might necessitate a slightly adjusted NTD treatment with a higher neutron
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fluence, it's important to note that both fluence levels are achievable with moderate irradiation time. This highlights the
adaptability of NTD; by adjusting the neutron fluence based on the initial resistivity, NTD can effectively improve the
electrical uniformity of GaAs wafers across a range of resistivity values, potentially leading to enhanced performance in
photovoltaic cell applications.
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GaAs
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— 15 Q.cm|
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RRG = 10%
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Fig. 4. RRG evolution of the GaAs wafer as a function of the neutron fluence for various cases of initial resistivity.

6.4. Impact of Initial Resistivity on NTD-GaAs Time

Fig. 5 presents the evolution of irradiation time needed to achieve 10% and 5% Radial Resistivity Gradients (RRGs) for
five studied cases, with different initial resistivities, irradiated with a thermal neutron flux of 1x10% n/cm2.s. An interesting
correlation emerges between the initial resistivity of the GaAs wafers, their RRGs, and the irradiation time. The curve
confirms an inverse proportional relationship: as the initial resistivity increases, the required irradiation time to achieve a
specific RRG actually decreases. This observation, along with the fact that even for low-resistivity GaAs, an acceptable
RRG (5%) can be achieved within a reasonable irradiation time (one hour at a flux of 1x10™ n/cmz2.s), highlights the
potential of NTD for improving the uniformity of GaAs wafers, regardless of their initial resistivity.

Further analysis of the data shows that for a desired RRG level, wafers with higher initial resistivity require less
irradiation time. This can be attributed to the lower dopant concentration in these wafers. With less dopant initially present,
achieving the desired uniformity through NTD requires a smaller increase in dopant concentration, leading to a shorter
irradiation time. Additionally, the reduction in RRG is more pronounced for these higher resistivity wafers, highlighting the
enhanced effectiveness of the neutron treatment process for GaAs with higher initial resistivity.
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Fig. 5. Evolution of irradiation time required to achieve 5% and 10% RRGs as a function of initial resistivity for GaAs wafers irradiated
with a thermal neutron flux of 1x10* n/cm?s.

7. Conclusion

The analysis of the simulation results confirms the effectiveness of NTD in improving the uniformity of dopant
concentration within GaAs wafers. Notably, NTD effectively reduces resistivity and Radial Resistivity Gradient (RRG)
regardless of the initial resistivity of the wafer. Furthermore, the irradiation time required to achieve a desired RRG is
inversely proportional to the initial resistivity. This highlights the potential of NTD for achieving desired electrical
properties in GaAs wafers by optimizing their doping profiles, leading to potentially improved device performance.
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