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ARTICLE INFO ABSTRACT

Keywords: The development of GaAs based high power side-input photovoltaic converters requires thick
Crystal 8r°Wth_ ) (50-100 pm) transparent gradient refraction layers that can be grown by liquid phase epitaxy.
Thegf‘“‘h;"amlc modeling Such thick layers can also be used in LED structures. To solve the problem of Al,Gaj4As con-
g:l ;;1: t ductivity reduction at the x~40% point a five-component, Al-Ga-As-Sn-Bi system is proposed. The

interaction parameters in the liquid phase («aij) in the Al-Ga-As-Sn-Bi system are determined
within the framework of a quasi-regular solutions model. For an Al,Ga;_xAs solid solution growing
from a Ga-melt containing 10 at.% of Bi (as a neutral solvent) and 15 at.% of Sn (as an n-type
dopant), liquidus and solidus isotherms for 900 °C are modeled based on the calculated aij.
Satisfactory agreement between calculated and experimental data has been obtained. Hall data
show that AlGaAs layers grown from Bi-containing melts have n-type conductivity. Doping by tin
during growth from mixed Ga-Bi melts makes it possible to increase the electron concentration in
the AlGaAs layer.

1. Introduction

The traditional configuration of a photovoltaic (PV) converter implies the input of radiation through a frontal window located
parallel to the p-n junction plane. This approach has fundamental limitations on the power density of the incident radiation. The input
of radiation in the direction parallel to the p-n junction (side input) opens up opportunities to break through the limits, but requires a
waveguide layer with a thickness of at least 50 pm (wider than a multimode fibre core diameter). Such an approach is realized in the
GalnAs/InP system where the InP substrate can act as a waveguide [1]. In the GaAs-AlGaAs system discussed here a wide-gap AlGaAs
layer acts as a waveguide. An efficient collection of light towards the p-n junction is provided by the composition gradient x=0.55-0.15
(and, correspondingly, the refractive index) [2-4]. This gradient bends the light beam towards the p-n junction.

Liquid-phase epitaxy (LPE) is the only cost-effective method of obtaining such relatively thick layers, which can also be used in high
brightness infrared LEDs [5,6]. This method has another advantage: with a forced decrease in the temperature of the melt solution in
the growing AlGaAs layer, a change in the aluminum content occurs due to the dependence of the aluminum segregation coefficient on
crystallization temperature. Therefore, when growing a waveguide layer in the Al-Ga-As system by liquid-phase epitaxy, it is possible
to create the required band gap gradient, and, as a result, the refractive index gradient of the layer.

To ensure the low Ohmic losses of the PV converter, all layers in the structure, including the substrate, except for the photoactive
(diode base) n-type layer, must possess a carrier concentration of at least 5x10'” cm ™. Group IV or group VI elements (e.g. Sn, Te, Se)
can be used for this. AlyGa;xAs layers grown from Ga-melts (the traditional approach) in the x=0.35-0.40 composition range
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demonstrate a sharp drop in the conductivity [7]. One way to solve this problem is to study the electrical properties of the Al,Ga;.xAs
alloys grown from Bi-containing melts. Bismuth is used as a neutral solvent, which is an isovalent impurity in AlGaAs. According to
Refs. [8-10], an increase in the distribution coefficient of Sn and the electron concentration is observed in GaAs layers crystallized from
a Bi melt. This effect can be explained by a change in the ratio of gallium and arsenic in the melt, which promotes the incorporation of
Sn into the Ga sublattice, as well as by a change in the distribution coefficient of background impurities.

To date, the properties of the AlyGa; xAs layers grown from a Bi-containing melt have not been studied. Phase diagrams of Al-Ga-As-
Bi and Al-Ga-As-Sn-Bi were modeled only for the case of Bi- and Sn-enriched melts (xg, < 10 at.%) [11]. The purpose of this work is to
find the binary interaction parameters aij in the Al-Ga-As-Sn-Bi system for modeling liquidus-solidus isotherms and, using these data,
to study the possibility of increasing the doping level of the AlGaAs layer in device structures.

1.1. Theoretical basis

To model the theoretical isotherms, sufficiently accurate interaction parameters (ij) in the liquid phase are required. Interaction
parameters in the Al-Ga-As-Sn system without bismuth are provided in Ref. [7]. Here, the calculation of interaction parameters in the
liquid phase aajgi, @BiGa, ¥AsBi> Bisn Was performed within the framework of the model of quasi-regular solutions, where the interaction
parameter aij(7)=a-bT is a linear function of temperature. A similar approach to estimating aij was used in Refs. [12,13].
| TAS; — AH; —RT -Inx, A (T/Tf,-_ ) - RT-In, o
‘- (1—x)° N (1-x)’

where the i symbol shows the i-side data of the binary phase diagram, ASs, AHp; and Tf; - fusion entropy, enthalpy and melting point
temperature of i-component, x; — at. fraction of i-component in liquid phase at temperature T, R — universal gas constant.

To calculate the interaction parameter aij by Eq. (1), we used the i-side of the binary diagram of i-j pair, which is characterized by
negligible solubility in the solid phase. Table 1 shows the segment of liquidus data of the binary diagram used to estimate «aij. Ga-Bi and
Al-Bi alloys have a binary diagram with immiscibility region, therefore the liquidus region for calculating aij is even more limited.
Since the parameter «ij is sensitive to the inaccuracy of the experimental values (T and x;) near the melting point [12,13], this liquidus
segment was not used. The enthalpy and melting temperature data of the elements required for the calculation were collected from
independent sources [14-16]. To reduce the calculation error, the liquidus data of the binary diagram of each i-j pair from different
sources were used [17,18,19-22]. The exception was the Ga-Bi pair, for which detailed liquidus data at xg;=0-8.5 at.% is available
[23].

2. Experimental details

To check the accuracy of the derived interaction parameters, the Al-Ga-As-Sn-Bi (xsp=15%, xpi=10%) system was chosen. To
compare the liquidus and solidus theoretical curves based on «ij estimation, experimental isotherms were obtained at 900 °C. The
temperature of 900 °C was chosen because of the need for thick layers. The maximum Sn concentration is limited to 15 at.% in the melt
since higher values result in surface morphology degradation. Concentrations of xg, higher than 20 at.% do not lead to a significant
increase in the doping level [7]. The content of bismuth in the melt was chosen to be 10 at.% because the solubility of arsenic decreases
with increasing xg; in the melt [11]. Despite the fact that this system is considered to be five-component and because the solubility of
tin and bismuth in the AlyGa; xAs solid solution is negligible, the solid phase remains three-component. Bismuth acts as a neutral
solvent (isovalent impurity), and tin as a dopant.

To determine the experimental data on the liquidus in the Al-Ga-As-Bi-Sn system, we used the method of melt saturation with
arsenic from the GaAs substrate at a constant temperature. To do this, in a slide graphite boat, a melt (5 mm height) of a given
composition for bismuth and tin (xg;=10 at.%, xsh=15 at.%, Xg,~70 at.%) with a variable content of x,; was kept at T=900 °C for
50-60 min in contact with a GaAs substrate for saturation with arsenic (Fig. 1a). The substrate and melt components were weighed on a
Radwag electronic analytical balance with an accuracy of 0.01 mg. The solubility of arsenic (x4s) was determined from the weight loss
of the GaAs (100) substrate during the saturation stage and ranged from tens to several hundreds of milligrams, depending on the
aluminum content in the melt. The design of the boat ensured the complete removal of the melt from the substrate surface. The process
was carried out in a quartz reactor in a flow of purified hydrogen.

The experimental values of the solidus curve (x) were determined by the crystallization of the AlyGa; xAs layer (2-3 pm) from the
melt saturated (Fig. 1b) according to the obtained liquidus. The composition of the layers was estimated by means of Raman spec-
troscopy, which is a fast and reliable method for AlGaAs alloys with an accuracy of 1-2% [24].

Table 1
Thermodynamic parameters of i-j pairs.
i-j pair The liquidus segment of the binary diagram used to calculate aij Tg, K [14-16] AHp, J/mole [14-16]
Al-Bi [17,18]; Al side liquidus 0.54 <xa; < 16 at.%; 623 < T < 923 K 933.3 10,790
Bi-Ga [23]; Bi side liquidus 0.22 <xpi< 8.5 at.%; 373 < T < 493 K 544.3 11,300
As-Bi [19,20]; As side liquidus 0.5< x5s< 80 at.%; 600 < T < 923 K 1090 27,700
Bi-Sn [21,22]; Bi side liquidus 43 <xp;i< 80 at.%; 423 < T < 498 K 544.3 11,300




V. Khvostikov et al. Heliyon 9 (2023) 18063

a melt saturation b layer crystallization
unsaturated supersaturated
Al + Ga + As + Al + Ga + As +
Sn + Bi melt Sn + Bi melt
Are 4 ach ! v
'GaAs substrate | _AlGaAs layer
GaAs substrate

Fig. 1. Scheme of melt saturation (a) and layer growth (b) stages.
3. Results and discussion

Fig. 2 shows the calculated values of the interaction parameters aapi, @BiGa> ®AsBi> ®isn according to Eq. (1). Each parameter is
calculated in the corresponding temperature range of the liquidus segment (Table 1). Temperature coefficients (a, b) of each inter-
action parameter «aij can be found in Fig. 2.

The values of the interaction parameters aasi, aBige, @asBi» @Bisn found in the literature are collected in Table 2. The discrepancy
between the data may be due to the use of different calculation models of aij. In Refs. [10,25] the interaction parameters were
determined within the framework of the regularly associated solution model. The interaction parameters in appendix [26] were found
by fitting from data of N-shaped GaAs-Bi liquidus. In Ref. [11] the authors do not provide a model for estimating aij nor do they confirm
the calculated parameters with experimental data in the Al-Ga-As-Bi-Sn system. The phase diagrams in Ref. [11] were modeled in the
Bi-enriched corner (xg, < 10 at.%). When constructing theoretical isotherms for the Ga-enriched corner (Al-Ga-As-Sn-Bi, T=900 °C,
xpi=10 at.%, xgn=15 at.%, Xga > 70 at.%) using «ij from Ref. [11] a discrepancy with the experimental data of more than 30% was
observed. We used binary diagrams refined most recently, which can also affect the difference between the published «ij and those
obtained in this work.

Based on the obtained interaction parameters (Fig. 2), liquidus and solidus curves were modeled assuming that the extrapolated aij
values remain unchanged for a temperature of 900 °C. The theoretical liquidus and solidus isotherms were determined using a
computer program based on the equations from appendix A (Additional information). Thermodynamic parameters for the calculation
of the Al-Ga-As-Sn-Bi phase diagram are given in ibidem. Fig. 3 presents the calculated solidus (curve 1) and the experimental points
(hollow dots) of AlyGa; xAs alloy composition vs the aluminum content in the liquid phase. The calculated liquidus (Fig. 3, curve 2a)
and the experimental arsenic solubility points (solid dots) are also marked there.

The best agreement between the experimental data (solid dots on Fig. 3) and the calculated liquidus (curve 2 b) occurs with the
value of assp=4800-3.3T. In this case, all other calculated interaction parameters remain the same. Changing the parameter from
aasgi=4800-5.3T to axspi=4800-3.3T has practically no effect on the solidus profile. Final aij values that provide the best agreement
between the calculated and the experimental data are collected in Table 2.

Table 3 presents the data for tin doping, where the results for LPE are collected [7,27]. For Hall measurements the n-AlGaAs layers
(x=0.2-0.24) were grown by the LPE technique with saturation at 900 °C in a piston graphite boat on the semi-insulating GaAs
substrate. The thickness of the grown layers was 3-6 pm, since a greater thickness x of AlyGa;.xAs deviates from the required
composition. Hall mobility correlates with the drift mobility through the Hall factor (r) [28]. To avoid uncertainty, we chose the
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Fig. 2. Interaction parameters calculated for i-j-pairs.
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Table 2
Interaction parameters in the Al-Ga-As-Sn-Bi system.
aij, cal/mole CAIBi OBiGa Oaspi ABisn
Published data 2000 + T [11] 6650-6.5T [11] 6000-T [11] 2000 [11]
3350-3.68T [25] 10,875-8.22T [10]
3420 + 0.44T [26] 3840-3.14T [26]
Data of this work 4680-0.1T 3780-2.4T 4800-3.3T 4.3T-1680
1.0 0.1
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©
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Fig. 3. Solidus (curve 1) and experimental data for Al-Ga-As-Sn-Bi system (hollow dots). Liquidus (curve 2a — calculation based on a4;5;=4800-5.3T,
curve 2 b — calculation based on a4:5=4800-3.3T) and experimental data (solid dots).

Table 3
Hall data of AlyGa; 4As layers.
melt Xpi, % Xsny % n, cm ™3 Tgrowth, °C Ref.
Ga 0 0 p-type 850 [27]
Ga 0 0 p-type 900 data of this work
Ga-Bi 10 0 (2-3)-10'° 900 data of this work
Ga 0 15 (5-6)-10'7 800 [71
Ga 0 15 (2-3)-107 850 [271
Ga-Bi 10 15 9.10"7 900 data of this work

x=0.2-0.24 composition range for doping comparison with r = 1. The carrier concentration was obtained by the four-probe modified
van der Pauw method. To do this, we used the installation Ecopia HMS-3000 for measuring the parameters of semiconductor materials
on the Hall effect. It is known that the surface of a semi-insulating GaAs substrate changes its conductivity to p-type at temperatures
above 900 °C [29]. To avoid additional errors in Hall measurements the semi-insulating substrate was etched (3-6 s) with an
arsenic-unsaturated melt before growing the AlGaAs layer to remove the inverse surface layer.

As can be seen from Table 3, undoped AlGaAs layer, grown from the Ga-Bi melt (without Sn) possesses n-type conductivity, while
the use of pure Ga melt reveals the p-type. Thus, adding bismuth to the melt makes it possible to avoid the inversion of the conduction
type of AlGaAs layer. The growth from the mixed Ga-Bi melt with added Sn leads to a corresponding increase in the doping level. A
similar effect was observed for GaAs layers grown from bismuth melt [8,9]. Bismuth increases arsenic activity (effective concentra-
tion). Changing the ratio in the liquid phase of III/V groups contributes to the reduction of acceptor native defects (Vas, Gaas, Cas) [10].
Replacing the solvent (Ga by Bi) during the crystallization of undoped GaAs makes it possible to obtain low-compensated layers even at
a high growth temperature T ~ 900 °C [10], where the level of doping with background impurities of the growing layer increases.
Since carbon (p-type dopant) is the main background impurity in liquid phase epitaxy with the use of a graphite boat, the task of
reducing the doping level of this impurity becomes especially important when growing relatively thick AlGaAs structures, because melt
homogenization and layer crystallization occur at sufficiently high temperatures T > 900 °C. Thus, the use of mixed Ga-Bi melts
provides an opportunity to reduce background doping and ohmic losses (Table 3).

4. Conclusion

Based on the aij values obtained, theoretical isotherms of the five-component system (Al-Ga-As-Sn-Bi, T=900 °C, xsp=15 at.%,
xpi=10 at.%) were modeled and confirmed by experimental data. AlGaAs layers grown from Ga-Bi melts did not change the type of
conductivity even without Sn. Doping by tin of Al,Ga;xAs solid solutions from mixed melts leads to increase n-type conductivity in
grown layer. This study is of high practical importance for the growth of highly efficient side-input photovoltaic converters of laser
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radiation [2-4,30] and high brightness infrared LEDs [5,6]. The use of Bi-containing melts reduces background doping, which makes it
possible, by using Sn, to keep the doping level constant in a thick (more than 50 pm) gradient composition AlGaAs layers to ensure low
Ohmic losses of some optoelectronic devices.
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