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Abstract 

In the last few years, carrier selective contacts have emerged as a means to reduce the complexities 

and losses associated with conventional doped p-n junction solar cells. Still, this topic of research 

is only at its infancy for III-V solar cells, in comparison to other solar cell materials such as silicon, 

perovskites, chalcogenides, etc. This could be because high quality III-V solar cell materials can 

be achieved relatively easily using epitaxial growth techniques such as MOCVD (metal organic 

chemical vapor deposition) and MBE (molecular-beam epitaxy). However, current epitaxial III-V 

solar cells are very expensive and cannot compete for the terrestrial market, and therefore, 

researchers are developing alternative growth methods such as thin-film vapor–liquid–solid (TF-

VLS), hydride vapor phase epitaxy (HVPE) and closed space vapor transport (CSVT), which are 

significantly lower in cost compared to epitaxial III-V solar cells. However, at present, these 

relatively nascent low cost growth methods, face severe optimization issues when it comes to 

growth of controlled p-n junction, along with heavily doped window and back surface field layers. 

In such cases, carrier selective contacts can be hugely beneficial. In this review, we cover some of 

the most recent research on the use of carrier selective contacts for III-V solar cells. Future 

prospects, challenges, and new device concepts using carrier selective contacts will also be 

discussed. 
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1. Introduction 

Silicon is by far the most popular material for the terrestrial PV market [1]. Though silicon solar 

cells have achieved remarkable success in the commercial market, it is not an optimum material 

for light harvesting because of its indirect bandgap. Silicon solar cells require a thickness higher 

than a hundred micron to achieve sufficiently high absorption. In comparison, III-V materials such 

as InP and GaAs are a very efficient absorber of light and can absorb most of the visible spectrum 

within 2-3 microns [2, 3]. This thickness can further be reduced by the utilization of a back 

reflector or a Lambertian surface [4-7]. Thinner cells not only lower the cost but also allow for the 

fabrication of flexible solar modules, which can find new applications in the areas of integration 

with cloth/fabric, electronic skin, lightweight systems, and internet of things [8].  

At present, most of these III-V thin film cells are grown using metal-organic chemical vapor 

deposition (MOCVD), which is an expensive technique and requires relatively costly 

infrastructure, substrates, gases, and precursors [9, 10]. Kelsey et al. report that current III-V solar 

module prices can often exceed $150/W, which is roughly 400X the current prices for mainstream 

c-Si solar and cadmium telluride (CdTe) modules ($0.30–$0.50/W) [9]. It has been proposed that 

unless there is a radical change in the growth methodology [9, 11], III-V solar cells cannot compete 

in the terrestrial market. Thereby, researchers are developing new low-cost III-V growth 

techniques, which can replace relatively costly MOCVD/MBE techniques. Some of the new 

growth techniques include TF-VLS (Thin Film – Vapor Liquid Solid)[12-14], close-spaced vapor 

transport (CSVT)[15-18], Aerotaxy [19-21], and nanowire heteroepitaxy [22-25]. These growth 

techniques have shown enormous promise towards a significant reduction in the cost of III-V solar 

cells. A review of low-cost growth of III-V materials can be found in reference [26]. 

Though these low-cost techniques have shown tremendous promise, there are still several 

challenges which need addressing before their implementation on a commercial scale such as: (a) 



formation of a controlled p-n junction, (b) uniform and controlled doping, (c) lattice-matched 

window layer and back surface field (BSF) layer growth, and (d) low minority carrier lifetime [17, 

21, 26, 27]. The problem is further complicated when a window or BSF layer needs to be doped 

while maintaining a relatively low interface recombination velocity [26]. Optimization of growth 

conditions to simultaneously tackle these challenges can often be cumbersome, if not impossible. 

Also, most of these challenges exist because, for III-V solar cells, the research community is still 

reliant on the conventional architecture, which includes a p-n junction, a window layer, and a BSF 

layer followed by a contact layer. A more novel approach would be to utilize non-epitaxial carrier 

selective contacts to eliminate the need for the doped p-n junction, window, and BSF layers.  

For low-cost growth techniques, these doped junctions are not only limited by practical difficulties 

but may also lead to several optoelectronic losses, some of which are listed in table 1. Furthermore, 

in recent years, it has become clear that the doped p-n junction or BSF/emitter layer is not 

necessary for the operation of a high-efficiency solar cell [28]. Carrier selective contacts have 

emerged as a cost-effective, yet efficient alternative to these doped junctions [28]. Today, almost 

all high-efficiency solar cells utilize carrier selective contacts in one form or other [29-31]. In fact, 

even high-efficiency III-V solar cells incorporate an emitter layer and a BSF layer, which are a 

form of carrier selective layer [28, 32].  

To overcome the limitations of low-cost growth techniques, what we need is a solar cell that does 

not rely on epitaxial p-n homojunction or window layer or BSF for high performance. Currently, 

the best alternative to simultaneously solve all of these problems is the utilization of carrier 

selective contacts. The purpose of this review is to provide an overview of different inorganic and 

organic materials that have been used as carrier selective contacts for InP and GaAs solar cells. 

The review starts with a short discussion on passivation and carrier selectivity followed by a 

detailed review of electron selective contact (ESC) and hole selective contact (HSC). While 

discussing ESC and HSC, we include most of the recent results, and wherever necessary, we also 



discuss some of the earlier results on heterojunction solar cells based on InP and GaAs.  After a 

broad review of carrier selective contacts, we discuss the future prospects and new possibilities of 

III-V solar cells using carrier selective contacts.  

Table I: Different optoelectronic losses associated with the doping of solar cells  

Type of Loss Issue End Result  

Optical  

Parasitic free carrier absorption   

Reduced Jsc Parasitic absorption in the  

window layer 

Recombination Loss 

Auger Recombination 

Reduced Voc 

SRH 

Transport Loss 

Resistive Loss Reduced FF 

Low diffusion Length Reduced Jsc 

 

2. Passivating Contact vs. Carrier Selective Contact 

Frequently, the passivating layer and carrier selective contacts are used synonymously without 

any real distinction. Ideally, a carrier selective contact is also expected to act as a passivation layer, 

and vice-versa; however, both are not the same. In fact, a significant amount of work on high-

efficiency silicon solar cells shows that a separate high-quality passivation layer is required in 

addition to a carrier selective contact to achieve high efficiency [29, 33, 34]. In cases where a 

carrier selective contact also acts as a passivation layer, it should be referred to as a passivating 

carrier selective contact [35]. In general, the effectiveness of a passivation layer is measured in 

terms of surface recombination velocity (SRV), whereas the efficacy of a carrier selective contact 



is measured in terms of the ratio of conductivity of majority to minority carriers [36]. In other 

words, the aim of using a passivation layer is to achieve as low SRV as possible, whereas the aim 

of using a carrier selective layer is to achieve as high asymmetric conductivity of carriers as 

possible. In subsequent sub-sections, we briefly discuss the fundamental aspects of passivation 

and carrier selectivity.  

2.1 Passivation  

At the semiconductor surface, abrupt termination of crystal lattice leaves a large number of 

electronically active, unsaturated, broken bonds (“dangling bonds”), which introduce energy states 

within the forbidden bandgap of the semiconductor [35]. Such energy states (called “surface 

states”) are a very effective mediator of non-radiative recombination and can cause severe 

degradation to overall solar cell performance [37]. The minimization of non-radiative 

recombination through these electronically active surface states is known as surface passivation 

[37, 38]. Surface passivation can be achieved either through covalent bonding (chemical 

passivation) of surface atoms or through interface charge carrier population control (sometimes 

also referred to as “field-effect passivation”) [35, 38-40]. Chemical passivation or passivation 

through covalent bonding is often accomplished by the application of a thin (passivation) layer of 

another semiconductor or an insulator on the semiconductor surface. For effective chemical 

passivation, the passivation layer must form a stable covalent bond with the surface atoms of the 

semiconductor, such that the interface defect density is significantly lower than the surface defect 

density, and bulk recombination within the passivation layer is also very low [35, 38-40]. In 

addition to the deposition of a passivation layer, there are other ways in which chemical 

passivation can be achieved, such as plasma treatment, sulfurization, thermal oxidation, 

nitridation. [41-44]   

Another approach to surface passivation is through interface carrier population control, which 

relies on the fact that there is a requirement of both electrons and holes for recombination through 



surface defect states [35]. Therefore, if the concentration of either electrons or holes is reduced 

significantly at the interface, interface recombination also reduces. When the reduction of 

electrons or holes at the interface is achieved through a built-in electric field, it is known as “field-

effect passivation”. The best example of passivation through carrier population control is the back 

surface field, where heavy doping is used to reflect the minority carriers. An excellent review of 

this topic can be found in ref [35]. Often both chemical passivation as well as interface carrier 

population control, are used in conjunction with each other to achieve maximum reduction in 

surface recombination. 

In general, III-V solar cells are grown using MOCVD or MBE, and excellent surface/interface 

passivation can be achieved by utilizing a lattice-matched III-V alloy (called “window layer”). For 

example, an SRV as low as 1.5 cm/s has been achieved for Ga0.5In0.5P/GaAs interface [45]. 

However, the current review is mainly about III-V solar cells where deposition of lattice-matched 

window layers can be complicated because of the requirement of precise control of composition; 

therefore, we confine ourselves to examples of non-epitaxial passivation layers. For both GaAs 

and InP, many different non-epitaxial materials have been investigated for passivation. Some of 

these include but are not limited to Al2O3, Gd2O3, LaF3, MgO, Ta2O3, SiO2, P2O5, Si3Nx, ZnO, 

ZnS, GaS, etc [46-53]. For some of these oxides/III-V interfaces, defect density as low as 1010
 cm-

2eV-1    has been achieved [47, 54]. In particular, there are many reports on the deposition of metal 

oxides for high-quality III-V defect passivation for MOSFET applications [46, 48, 55, 56] that can 

also be implemented to III-V solar cells. Passivation of III-V materials using non-epitaxial 

techniques have widely been reviewed for different applications and can be found in references 

[46, 49, 55-66]. In addition to the deposition of a passivation layer, several kinds of chemical and 

physical techniques have also been used for III-V passivation. For example, sulfur treatment of 

GaAs and InP surfaces has resulted in high-quality passivation [49, 61, 67-71]. Similarly, 

hydrogen [72, 73] and sulfur plasma [74] treatments have shown effective passivation for both 

InP and GaAs.  



2.2 Carrier Selectivity 

In contrast to passivation, carrier selectivity requires asymmetric conductivity toward electrons 

and holes, i.e., an electron (hole) selective layer should be highly conducive to electrons (holes), 

while maintaining a high resistivity to holes (electrons). Though a selective contact should ideally 

be passivating, it is not a necessary condition to be a carrier selective contact. In fact, almost all 

high-efficiency solar cells use separate layers for passivation and carrier selectivity. To be an 

efficient carrier selective contact, the material should be (a) wide bandgap, (b) heavily n-type or 

p-type dopable, (c) capable of forming asymmetric band off-set with the absorber, and (d) able to 

achieve low contact resistance. In general, low work function materials are employed as electron 

selective contact, whereas, high work function materials are used as hole selective contact. A 

suitable carrier selective contact is often characterized by low dark current density, J0, and low 

contact resistivity. Therefore, an easy way to define selectivity, S is in terms of minority carrier 

dark current density (J0), contact resistance (c) and thermal voltage (VT) as follows [36]:  

𝑆 = 𝑉𝑇/𝐽0𝜌𝑐 

Furthermore, often to achieve a small J0, researchers employ carrier selective contact in a small 

area and introduce passivation in the rest of the solar cells. Some of the recent reviews and 

theoretical works on carrier selective contacts can be found in reference [1, 33, 35, 39, 40, 75-78] 

3. Window Layer  

Conventional III-V solar cells utilize wide bandgap, lattice-matched, and heavily doped window 

layers for passivation of front and back surface, while also minimizing the contact recombination 

[79]. Therefore, we review III-V window layers before moving onto carrier selective contact. 

GaAs has hugely benefitted from the availability of a wide range of lattice-matched window layers 

such as AlxGa1-xAs, Al0.5In0.5P, Ga0.5In0.5P, and (AlxGa1−x) 0.5In0.5P, which also have a larger 

bandgap than GaAs [4, 32, 80]. In some cases, a combination of AlGaAs and InGaP window layers 

has also been used for the achievement of efficiencies exceeding 27% [31]. Moreover, AlGaAs 



alloys have an intrinsic advantage in terms of high mobility, and that is why it has been most 

widely used for window application in GaAs solar cells, so far [81]. Similar to carrier selective 

layer, these window layers are heavily n- or p-type doped to the order of 1018 cm-3 to achieve 

selectivity toward either electrons or holes, respectively. Unlike GaAs, lattice-matched, wide 

bandgap window layer for InP solar cell applications is not very well developed. Nevertheless, 

22.1% and 24.2% efficient InP solar cells have respectively been achieved utilizing InGaAs and 

InAlAs as both a passivation and window layers [82-84]. Other III-V alloys which have been 

proposed as window layers for InP include GaAsSb, AlAsSb, AlGaAsSb, AlInAs, AlInAsSb, 

AlGaInAsSb, GaPSb, AlPSb, and AlGaPSb [83]. Wanlass et al. have shown all of these alloys 

form significant positive conduction band offsets with InP, leading to a type-II band alignment 

and can be heavily doped to achieve electron confinement [83].  

 



 

4. Electron Selective Contacts  

In general, electron selective contacts are heavily n-type doped wide bandgap materials with low 

work function [75, 76, 85]. Until the last few years, carrier selectivity and carrier selective layers 

were not commonly used terminology, and researchers used the term heterojunction for almost all 

kinds of junctions between two different materials. However, in many cases, the rationale behind 

the concept of using these heterojunctions for solar cells application was very similar to that of 

carrier selective layers [86]. One of the best examples is the widely reported high-efficiency 

ITO/p-InP heterojunction solar cell. During the 90’s, ITO junction with InP was very popular for 

achieving very high efficiencies [87-89]. At that time, it was postulated that such high efficiency 

was due to the formation of buried homojunction between ITO and InP [87]. However, we have 

recently shown that the high efficiency of ITO/InP arises because of the combined effect of 

passivation and electron selectivity [86]. Passivation is a result of the formation of In(PO)x bond 

at the ITO/InP interface [90], whereas the carrier selectivity is due to heavy doping of ITO. In this 

section, we review some of the recent results on non-epitaxial electron selective contacts used for 

III-V solar cells.  

Figure 1. (a) SEM image of an InP solar cell using TiO2 as an electron selective contact. (b) 

Corresponding IV curve for the solar cell shown in the left. (c) Schematic band diagram of the 

solar cell shows TiO2 forms a type-I band alignment with InP with a small conduction band 

offset and a large valence band offset. After hydrogen plasma treatment the conduction band 

offset is further reduced for electron transport. [Figure 1 has been reprinted (adapted) with 

permission from ref [92] Copyright © 2014 American Chemical Society] 



4.1 Metal Oxides 

In recent times, wide band gap transition metal oxides have gained massive popularity for 

application as carrier selective contacts, mainly because they can be heavily doped at low 

temperatures and are stable in ambient conditions. Several oxides such as TiO2 [91], ZnO [86, 92-

94], and Ta2O5 [95] have given promising results for InP solar cells. Figure 1 (a) shows a cross-

sectional SEM image of an InP solar cell using TiO2 as an electron selective contact (ESC). Using 

TiO2 as electron selective contact, Yin et al. were able to achieve an efficiency of ~19.2% with a 

Voc and Jsc of 785 mV and Jsc of 30.5 mA/cm2 [91]. They show that to achieve high efficiency, 

TiO2 needs to be in an amorphous phase, and an additional step of hydrogen plasma treatment is 

required to passivate the shallow zinc acceptors in p-type InP. Neutralization of the shallow zinc 

acceptors enhanced the effective minority carrier lifetime. In a similar work, we have shown that 

the use of an i-InP over p-InP significantly can eliminate the requirement of hydrogen plasma 

treatment and also reduces the complexity of hydrogen plasma treatment, which may lead to the 

formation of In-droplet on the surface of InP [86].  Also, the removal of the plasma treatment step 

overwhelmingly improved the reproducibility of these heterojunction solar cells. Reddy et al. 

obtained similar results and showed that high-efficiency InP-based solar cells could be obtained 

using amorphous Ta2O5. For both ZnO and Ta2O5 ESCs, high open-circuit voltage was obtained, 

with a maximum Voc of 822 and 815 mV, respectively [86, 95].  

Furthermore, for both Ta2O5 [95] and ZnO [86], there was a significant improvement in the 

minority carrier lifetime, which shows that both Ta2O5 and ZnO can act as passivation layers as 

well as electron selective layer. Reddy et al. performed a series of photoluminescence (PL) 

measurements to show that solar cells with Ta2O5 (see figure 2(a) and 2(d)) show brighter PL 

compared to solar cells without Ta2O5 (see Figure 2(a) and 2(c)), signifying better passivation. 

Passivation due to Ta2O5 is also reflected in the lifetime measurement shown in Figure 2(b). We 

recently demonstrated that the passivation of InP in the presence of oxide is due to oxidation of 



phosphorus-rich InP surface, which leads to the formation of InPOx bond at the oxide/InP interface 

[86].  

 

 

Figure 2. (a) PL intensity vs. excitation power profile showing that radiative recombination in 

ITO/InP solar cells is higher than ITO/Ta2O5/InP solar cells. (b) Comparative TRPL results 

showing significant improvement in the lifetime for ITO/Ta2O5/InP solar cells in comparison to 

ITO/InP solar cell. (c) and (d) shows the PL mapping on ITO/InP solar cells and ITO/Ta2O5/InP 

solar cells, respectively (the scale bar is 2 mm) [Figure 2 has been reprinted (adapted) with 

permission from ref [96]. Copyright © 2019 The Royal Society of Chemistry] 

 



Another essential aspect of an ESC is its application to nanowire solar cells, where doping and 

window layer growth can be even more complicated than planar film growth [96-98]. We recently 

proposed a radial junction nanowire device structure that usage electron selective contact for 

charge carrier separation, thereby eliminating the requirement of the conventional p-n junction, 

and significantly reducing complexities associated with the growth and doping of III-V nanowires 

[99]. Figure 3(a) shows a 2-D schematic of the proposed InP solar cell. We showed that the use of 

an electron selective contact not only improved its electronic behavior but also improved the 

optical response of the nanowire solar cell [100]. Improved optical response of InP solar cells in 

the presence of an oxide-based carrier selective contact is a result of reduced electric field 

screening as well as optical mode confinement (see Figure 3(c)) [99]. We have shown that the Jsc 

can improve by as much as 7 mA/cm2 for an optimized thickness of the oxide layer (see Figure 

3(b)). Furthermore, an oxide-based selective contact can generate a built-in electric field of the 

order of 108 V/m, when the InP core is heavily doped to the order of 1018 cm-3 [99, 101]. Such a 

high electric field makes it possible to achieve very high efficiency even when material lifetime 

(diffusion length) is extremely poor [99]. In a separate paper, we experimentally verified that the 

enhanced absorption and charge carrier separation in a nanowire solar cell in the presence of an 

optimized oxide based electron selective contact [100, 101].   

 

 



 

Unlike InP, there are few reports on high-efficiency GaAs solar cells using metal oxide ESCs. 

Some of the oxides mentioned above, such as ZnO, have been tested as an ESC for GaAs but with 

little or no success [102]. Nonetheless, there are several reports on the use of oxides for achieving 

low contact resistance for application in GaAs transistors, which can also be implemented for solar 

cells application [103-106]. For example, Kim et al. have shown that specific contact resistivity 

of 9.38 × 10−4 Ω·cm2 can be achieved for Ti/TiO2(0.5 nm)/n-GaAs diode structure, and a further 

improvement in contact resistivity was demonstrated in the presence of an additional layer of ZnO 

[103]. For Ti/ZnO(0.5 nm)/TiO2(0.5 nm)/n-GaAs diode structure, the specific contact resistivity  

Figure 3. (a) 2-D schematic of the proposed InP solar cell using carrier selective contact. (b) FDTD 

simulation showing that with an optimized thickness of oxide layer Jsc (ideal) can be improved by as 

much as 7 mA/cm2. (c)  Absoptance vs. wavelength curve shows enhanced absorption in oxide 

coated InP compared to bare InP. [Figure 3(a)-(c) has been reprinted (adapted) with permission 

from ref [99]. Copyright © 2019 IEEE] 



 

 

 

 

 

 

 

 

 

 

Figure 4. (a) J-V characteristics corresponding to Ti/GaAs, Ti/TiO2/GaAs and Ti/ZnO/TiO2/GaAs 

contact structures. (a) Contact resistivity of Ti/TiO2/GaAs MIS contacts, with and without the 

different thickness of ZnO interlayer.  Band structure of (c) Ti/TiO2/GaAs and (c) Ti/ 

TiO2/TiO2/GaAs showing the effect of an interlayer at the GaAs surface. [Figure 4(a)-(d) has been 

reprinted (adapted) with permission from ref [104]. Copyright © 2016 American Chemical 

Society]  

was reduced to as low as 2.51 × 10−5 Ω·cm2. Figures 4(a) and 4(b) show the improvement in J-V 

characteristics and contact resistivity of Ti/GaAs contact after the deposition of TiO2 and 

ZnO/TiO2 interlayers.  Corresponding band diagrams of Ti/TiO2/GaAs and Ti/TiO2/ZnO/GaAs 

diodes are respectively shown in Figure 4(c) and 4(d). The band diagram shows that the use of 

ZnO interlayer in between TiO2 and GaAs induces a dipole that is opposite to the dipole induced 

at the TiO2/GaAs interface, leading to a reduced effective work function, which in turn results in 

low contact resistance.  In addition to TiO2 and ZnO, other oxides such as HfO2, Al2O3, and ZrO2 



have readily been used to achieve very low specific contact resistivity for GaAs [103, 104, 106]. 

Often, bilayer of oxides (such as TiO2/Al2O3, TiO2/HfO2, etc.) is more suitable for achieving low 

contact resistance in comparison to a single layer of oxides [103, 104]. Several of these oxides can 

also passivate GaAs [46, 59, 62] while ensuring low contact resistivity and proper band alignment, 

therefore, in the near future, one of these oxides may act as an efficient ESC for GaAs solar cells.    

 

 

Figure 5. (a) FESEM image of a GaAs solar cell utilizing n+ a-Si as an electron selective contact. 

(b) High resolution cross-sectional TEM image showing successful deposition of a-Si on GaAs at 

200 oC. (c) J-V characteristics corresponding to three different kind of samples. (d) Dark current 

density and front surface recombination velocity for three different kind of samples.  [Figure 5(a)-

(d) has been reprinted (adapted) with permission from ref [117]. Copyright © 2011 IEEE] 



4.2 Other Inorganic Materials 

Other than metal oxides, some sulfide materials such as CdS [107-110], ZnS [111], and MoS2 

[112-114] have been used to make a heterojunction solar cell with InP and GaAs. The advantage 

of using sulfides is that they can provide very high-quality passivation for both InP and GaAs to 

achieve surface defect densities as low as 1010 – 1011 cm-2eV-1
 [41, 49, 58]. Saito et al. 

demonstrated CdS/InP heterojunction solar cells achieving efficiencies higher than 17% [115]. 

They used a p-type InP and deposited a CdS layer of thickness 40-100 nm along with a transparent 

conducting oxide (TCO)  based on ZnO and ITO to form the heterojunction. They find that 

ITO/CdS/InP solar cells work better than ZnO/CdS/InP solar cells because ITO/CdS/InP solar 

cells form a lower contact resistance as compared to ZnO/CdS/InP solar cells. Also, thinner CdS 

layers gave higher efficiency compared to thicker CdS layers. It is now well known that with an 

increase in the thickness of ESC, the bulk defect density of ESC may deteriorate the overall 

efficiency of the solar cell [86].  

In a more recent work on sulfide-based selective contact for InP, Lin et al. have shown that 2-D 

MoS2 layer forms type-I band alignment with InP, and the heterostructure can be electrically tuned 

by application of an external voltage to achieve an efficient charge carrier separation and collection 

[112]. By varying the voltage from 0 to +6V, they were able to optimize the efficiency of MoS2/InP 

solar cells from 4% to 7% [112]. They show that the change in photovoltaic behavior with the 

application of an external gate voltage is a direct result of reduced conduction band offset of MoS2 

with InP.   Another sulfide which has widely been used to form a heterojunction with InP is ZnS. 

In particular, very promising results have been obtained for InP quantum dots passivated with a 

ZnS outer layer [111].  

Furthermore, researchers have successfully utilized an a-Si:H layer as ESC for GaAs solar cells 

[116]. Shahrjerdi et al. show that GaAs solar cells with an efficiency of ~8% can be fabricated 

utilizing a-Si:H as an electron selective contact. The device (shown in Figure 5(a) and 5(b)) utilizes 



a combination of i-a-Si-H and n+ a-Si-H layers, respectively, for passivation and carrier selectivity. 

Moreover, they found that the hydrogen dilution layer in a-Si:H significantly influenced the 

efficiency of these cells. The hydrogen dilution level in the above case is defined as the ratio of 

H2 gas flow to SiH4 gas flow. Figure 5(c) shows J-V characteristics corresponding to three 

different kinds of solar cells fabricated with different hydrogen dilution levels in a-Si. According 

to the authors, the best result was obtained for maximum hydrogen dilution level of 10. Also, the 

complete device was fabricated at a temperature lower than 200 oC, which can reduce the thermal 

budget of the fabrication processes. Moreover, a-Si:H also provided good enough passivation for 

GaAs with a surface recombination velocity as low as 200 cm/s (see Figure 5(d)) [116]. A detailed 

interface analysis showed that the passivation of GaAs with a-Si:H is a combined result of 

dangling bond passivation due to hydrogen content in the a-Si:H as well as field-effect passivation 

due to a small conduction band and a large valence band offset with GaAs [116].  

 

 

 

 

 

 

 

 

 

 



In another work, Lin et al. have shown the fabrication of an efficient GaAs solar cell utilizing 2-

D MoS2. 2-D materials are particularly interesting because their Fermi level can be tuned relatively 

easily through chemical doping or gate biasing [117-120]. In this work, authors use both chemical 

doping as well as gate biasing to tune the MoS2 Fermi level to achieve the maximum potential of 

the device. They were able to improve the efficiency of MoS2/GaAs solar cells from 5.92% to 

9.03%, utilizing an h-BN (hexagonal-boron nitride) passivation layer and a gate bias [117]. Figure 

6(a) shows the band alignment of undoped MoS2 with n-type GaAs in presence of h-BN 

monolayers, whereas, Figure 6(b) shows that after doping of MoS2 with AuCl3 the Voc of MoS2/h-

BN/GaAs heterojunction solar cell improved from 0.56 V to 0.64 V. Further improvement in the 

heterojunction solar cell was achieved through electrical gating. A 2-D schematic of device 

structure used for electrical gating of the solar cell is shown in Figure 6(c). It is quite apparent 

from the J-V curve shown in Figure 6(d) that there was an improvement in solar cell performance 

under gate biasing. In particular, the Voc of the solar cell improved from 0.64 V to 0.72 V to 0.76 

V under a bias of 0V, -0.5 V, and -1.0 V, respectively.  

 

 

 

Figure 6. (a) Band diagram of MoS2/h-BN/GaAs solar cells. (b) J-V curve of MoS2/h-BN/GaAs 

solar cell with and without doping. (c) 2-D schematic of the heterojunction solar cell under ion 

gate bias. (d) Effect of biasing on the J-V curve of the heterojunction solar cell. [Figure 6(a)-(d) 

has been reproduced from reference [118] under Creative Commons Attribution 4.0 International 

License.] 



 

4.3 Organic Materials 

In addition to inorganic carrier selective materials, some organic materials have also been 

investigated for the fabrication of organic/inorganic heterojunction solar cells [121-123]. A solar 

cell consisting of a combination of organic and inorganic material is known as a hybrid solar cell. 

So far, the reported efficiencies of these hybrid solar cells remain considerably low compared to 

some of the best reported III-V solar cells based on inorganic electron selective contact. However, 

Figure 7.  (a) 2-D schematic of GaAs hybrid nanowire solar cell. (b) Band alignment of GaAs 

with the organic materials used in (a). (c) Cross sectional bright filed TEM image of the 

heterojunction solar cell after TiOx deposition. TiOx is further confirmed by EDS measurement.  

(d) HRTEM image of a P3HT lamellar structure over TiO2. [Figure 7 has been reprinted (adapted) 

with permission from ref [125]. Copyright © 2011 American Chemical Society]  

 



the simplicity and low cost of organic materials make hybrid solar cells a vital contender for future 

applications. In particular, organic material provides an easy and cost-effective means to form 

selective contacts for nanowire solar cells. An example of a hybrid GaAs nanowire solar cell is 

shown in Figure 7(a) [124]. To fabricate this solar cell, the nanowires grown using MOCVD were 

broken from the substrate to form a nanowire ‘powder’. Subsequent fabrication of hybrid solar 

cells utilized the nanowire ‘powder’. The complete nanowire solar cell fabrication process was 

solution based and was performed at low temperatures. The solar cell structure consisted of GaAs 

nanowires embedded in P3HT, ITO/PEDOT:PSS as hole selective contact, and BCP as electron 

selective contact. Figure 7(b) shows the band alignment of different organic materials with the 

GaAs nanowire embedded in P3HT. In the same paper [124], authors also study the effect of TiOx 

passivation (see Figure 7(c) and 7(d)) on the hybrid solar cell. Authors show that in presence of a 

TiOx passivation layer, Jsc of the hybrid solar cell improved by almost 20% compared to 

unpassivated hybrid nanowire solar cells. However, even under optimized conditions, the authors 

were able to achieve only 2.36% photoconversion efficiency. Other organic materials that have 

been used as an ESC for III-V solar cells include bathocuproine (BCP) [124], PTCDA, poly(3-

hexylthiophene) [122], C60 and its derivatives [121, 123].  

 

 



5. Hole Selective Contacts  

Unlike ESCs, there are very few reports on HSCs for III-V solar cells. In the next few sections, 

we review a few of these hole selective contacts.  

5.1 Oxides and other Inorganic Materials  

Molybdenum oxide  (MoOx) has been very successful as a hole selective material for silicon solar 

cells mainly because of their large work function, which can be tuned between 5.75-6.70 eV by 

changing the deposition conditions [125, 126]. However, so far, there is no report of using MoOx 

as a hole selective contact for planar III-V solar cells. Nonetheless, very recently, Öner et al. have 

shown that MoOx can be used as a hole selective contact for InP nanowire solar cells [127]. They 

show that an MoOx layer over p-InP nanowire leads to accumulation of holes at the MoOx/p-InP 

interface, leading to higher selectivity toward holes. The schematic of the fabrication of a single 

nanowire solar cell with hole selective contact is shown in Figure 8(a). The IV curves before and 

after MoOx deposition on the p-side of the p-i-n junction nanowire are shown in Figure 8(b). It is 

quite evident that Voc of the solar cell is increased from 500 to 730 mV in the presence of MoOx. 

They also found that it is extremely desirable to treat the nanowire with HF before the deposition 

of MoOx layer. Previously, Pluchery et al. have shown the passivating behavior of HF for InP 

nanowires [128]. This indeed confirms that for high efficiency solar cells both passivation and 

carrier selectivity are equally important. The authors further substantiate the claim of increased 

Figure 8. (a) Schematic showing the fabrication of single nanowire solar cell using MoOx as the 

carrier selective contact. (I) shows the nanowire with metal contacts on n- and p-side of the device, 

(IIa) shows removal of e-beam resist to deposit MoOx on the p-side, (IIb) shows HF treatment of 

nanowire before the deposition of MoOx. Also shown is an optical microscope image of single 

nanowire solar cells with MoOx contacts. (b) IV curve of the single nanowire solar cell before and 

and after HF treatment followed by MoOx deposition. [Figure 8 has been reproduced from 

reference [128] under Creative Commons License.] 



hole selectivity for InP nanowire solar cell in the presence of MoOx, by designing three separate 

sets of devices. In the first set of devices, the MoOx was deposited on only the p-side of a p-i-n 

junction nanowire, in the second set, MoOx was deposited on only the n-side of a p-i-n junction 

nanowire and in the third set, MoOx was deposited on a completely p-doped InP nanowire. It was 

found that efficiency of the p-i-n InP nanowire solar cell only increased when MoOx is deposited 

on p-side of the solar cell, whereas the efficiency decreased substantially when MoOx was 

deposited on the n-side. Furthermore, deposition of MoOx on completely p-type nanowires 

resulted in a significant increase in the conductivity, thereby confirming the holes selectivity of 

MoOx. 

 Even for GaAs, there very few reports on HSC. However, there have been few reports on p-type 

materials which make high-efficiency heterojunction solar cell with GaAs. For example, copper 

iodide (CuI) has been used to create a heterojunction with polycrystalline n-GaAs to achieve a Voc 

of 820 mV and Jsc of 20 mA/cm2 [129]. The efficiency of the device was not mentioned, but the 

Figure 9. Polycrystalline GaAs solar cells grown on (a) molybdenum and (b) aluminium 

substrates, respectively. (c) IV corresponding to the most efficient solar cell obtained for Cu1.8-

Se/GaAs solar cell. [Figure 9(a)-(c) has been reprinted (adapted) with permission from ref [132]. 

Copyright © 1967 IEEE] 



values of Voc and Jsc achieved are remarkable considering the GaAs were polycrystalline with a 

thickness of  ~100 m, and the complete fabrication of device was performed at a temperature less 

than 100 oC.  Besides, the CuI was very thick with thickness ranging from 2-3 m  [129]. The 

authors mention that to achieve optimum performance the n-type doping of GaAs should be 1016 

– 1017 cm-3
, and the CuI should be heavily doped [129]. However, they did not explicitly propose 

the reasons for such high performance of the solar cell. Nonetheless, recent results on CuI show 

that it can be very easily p-type doped at room temperature with a hole concentration exceeding 

1020 cm-3 and has a work function of 5.6 eV, which aligns very well with the valence band of GaAs 

[130]. A proper band alignment along with heavy p-type doping of CuI can be a reason for high 

efficiency of p-CuI/n-GaAs heterojunction solar cells.  

Other p-type inorganic materials, which have been investigated but with little success for 

heterojunction with GaAs, include Cu2Se [131, 132], Cu2S [132] and CdTe [132]. Especially, from 

1970-1990 there was a significant amount of work performed to achieve high efficiency using 

polycrystalline GaAs 130. For example, Figure 9(a) and 9(b) show two different kinds of solar cells 

based on polycrystalline GaAs has grown on molybdenum (Mo) and aluminum (Al) substrates, 

respectively. Both of the cells used n-GaAs and a p-type Cu1.8Se to form the heterojunction [131]. 

However, for GaAs grown on Al, the back contact was InAs, whereas the back contact for GaAs 

grown on Mo was Ge-Sn [131]. The thickness of GaAs ranged from 50-200 µm. The IV 

corresponding to the most efficient device fabricated on Al-foil is shown in Figure 9(c). For 

AM1.5, researchers were able to achieve an efficiency of ~4.26% efficiency (on Al foil) with a Jsc 

of 15 mA/cm2, while achieving an efficiency of 4.6% for Cu1.8Se-GaAs solar cells grown on 

molybdenum substrates [131]. Furthermore, researchers conclude that GaAs heterojunction solar 

cells were grown both on the Al- and Mo- substrates were limited due to series, sheet, and shunt 

resistance, which is also evident in the IV curve shown in Figure 10 (c) [131]. Now that there is a 

better understanding of working of heterojunction as well as carrier selective contact solar cells, 



these device structures can be revived to achieve high efficiency with low-cost III-V materials. 

Based on discussion above, some of the improvements that can be made to achieve high efficiency 

in Cu1.8Se/n-GaAs solar cells include, (a) reduction in the thickness of GaAs to few 100 nm, (b) 

introduction of an additional passivation layer on both top and bottom of the cell before making 

metallic contacts, and (c) using a heavily doped p-type Cu1.8Se. 

 

Figure 10. (a) Simulated band diagram for GaAs/PEDOT:PSS hybrid solar cell. Effect of front 

and back surface field on (b) IV and (c) external quantum efficiency of the hybrid solar cell. (d) 

Effect on the IV of the hybrid solar cell after addition of Zonyl in PEDOT:PSS. [Figure 10(a)-(d) 

has been reprinted (adapted) with permission from ref [137]. Copyright © 1967 Optical Society 

of America] 



5.2 Organic Materials 

Organic materials are low cost and can be deposited relatively easily; therefore, researchers have 

been trying to integrate III-Vs with them to reduce the overall cost of the solar cells. Most of these 

hybrid devices utilize p-type organic material and n-type GaAs to form the heterojunction. There 

is an abundance of reports on hybrid GaAs solar cells utilizing p-type organic material to form the 

junction. Some of these p-type organic materials which have shown exciting results include 

PEDOT:PSS and its derivatives [121, 122, 133-136], poly(3-hexylthiophene) [137], P3HT [137-

140], and CuPc [141, 142]. Other than planar solar cells, organic material remains a popular choice 

for making a hybrid solar cell with nanowires [124, 137, 140, 143]. This is mainly because the 

organic solutions can be easily conformally coated over the nanowires. However, similar to ESC, 

even for HSC, the efficiency of hybrid solar cells remain relatively low compared to inorganic 

heterojunctions, because of low minority carrier lifetime, low carrier mobility, and high interface 

recombination [139, 140, 144].  

A 2-D schematic and a band diagram of an n-GaAs based hybrid solar cell using PEDOT:PSS as 

a p-type contact is shown in Figure 10(a)[136]. Using the structure shown in Figure 10(a), Lin et 

al. were able to achieve an efficiency of 8.99%. They further reported that substantial improvement 

in IV characteristics (see Figure 10(b)) as well as quantum efficiency (see Figure 10(c)) can be 

realized in the proposed solar cell through the utilization of a front surface field (FSF) and back 

surface field (BSF) in the proposed hybrid solar cell [136]. It is quite evident from Figure 10 (b) 

and 10(c) that just by the implementation of a BSF layer, significant improvement in Jsc can be 

realized. Moreover, after implementation of both BSF and FSF layer, the Voc of the hybrid device 

improved from 0.68 V to 0.77 V, the Jsc improved from 17.51 mA/cm2 to 19.31 mA/cm2, and the 

efficiency improved from 9% to 11.86%, compared to hybrid solar cell without FSF/BSF layers. 

The authors further improved the solar cell by treating PEDOT:PSS by MeOH and Zonly. After 

the addition of Znoly, the Jsc of the hybrid solar cell improved from 19.31 mA/cm2 to 21.3 mA/cm2 

(see Figure 10(d), leading to an improvement in efficiency from 11.86% to ~13% compared to 



without znoyl treated solar cell. The authors claimed that an increase in Jsc after addition of Znoyl 

was a result of improved electrical conductivity and mobility of PEDOT:PSS layer after Znoyl 

treatment.  

 

6. Future prospects and new device concepts 

III-V solar cells with carrier selective contacts hold enormous potential for future applications. 

For example, a detailed simulation of ITO/ZnO/i-InP/p-InP solar cell structure shows that under 

optimized conditions, these solar cells can achieve efficiencies comparable or better than that of 

homojunction p-i-n InP solar cells [86]. However, to achieve high efficiency, the interface defect 

Figure 11. Three different device architectures using carrier selective contacts: (a) undoped planar 

III-V solar cell, (b) triple-junction tandem solar cell and (c) flexible nanowire solar cell. [Figure 

10(a) and (b) has been adapted with permission from ref [146]. Copyright © 2014 IEEE] 



density at ESC/InP should be less than 1013 cm-2eV-1. Such interface defect density has readily 

been achieved for different oxide/III-V interface [46], and therefore, III-V solar cells with high 

efficiencies can be achieved in the near future with proper optimization. Also, a more realistic 

approach toward achieving higher efficiencies might be the use of a separate passivation layer in 

conjunction with an ESC, for the separate function of passivation and electron selectivity, 

respectively.  

Furthermore, carrier selective contact opens up the possibilities for the fabrication of new kinds 

of device structures, some of which are shown in Figure 11. Figure 11(a) shows a device in which 

there is no requirement of doping and, charge carrier separation and collection happens only 

through selective contacts. The proposed device structure consists of an undoped III-V thin-film 

sandwiched between electron and hole selective contacts. It is expected that such a device will not 

only simplify the technical difficulties associated with the growth and doping of thin films but will 

also lead to higher efficiencies due to reduced optoelectronic loss [145, 146]. Furthermore, such 

devices have already realized for silicon, and it is a matter of time before it is implemented to III-

Vs. Another kind of device which has recently been proposed by Islam et al. [145] is shown in 

Figure 11(b). The device is a simple version of a tandem solar cell. Their simulation results show 

that maximum efficiency of 39.3% can be achieved for this type of device. The realization of such 

a tandem cell can simplify several critical issues related to current tandem solar cells, such as 

current matching, lattice-matched layer growth and stacking [147]. In Figure 11(c), a flexible 

nanowire array solar cell based on carrier selective contact is proposed. Because ESC based III-V 

solar cells can be fabricated at relatively low temperatures (less than 200  oC), it is possible to 

integrate these cells to flexible plastic substrates [99, 101] and achieve low cost high efficiency 

flexible nanowire solar cells.  



7. Conclusion 

In this paper, different kinds of carrier selective contacts are reviewed for III-V solar cells 

application. It quite clear that carrier selective contacts hold enormous potential to overcome 

several of the technological challenges associated with doping and p-n junction formation. 

However, as it happens with any new technology, several challenges need addressing before these 

carrier selective contacts can be deployed for any commercially useful application. For example,  

the reported efficiencies for InP and GaAs solar cells based on the carrier selective contacts remain 

way below the highest reported efficiencies of GaAs and InP using standard p-i-n architecture 

[148]. Though there is no detailed study available, it seems that carrier selective contact based 

solar cells may be limited due to high interface defect density. Moreover, unlike silicon, research 

in III-V solar cells is relatively slow, and therefore, much more effort is required by the III-V 

research community to adopt, reproduce and improve on the work done on silicon solar cells with 

selective contacts to the III-V solar cells. In addition, a lot can also be learned from III-V 

MOSFETs, especially those related to passivation and low contact resistance fabrication, which 

can also be implemented for solar cell applications. Nonetheless, carrier selective contacts hold 

enormous potential for future applications, especially in cases where doping, controlled p-n 

junction formation, and the alloy composition control can be complicated for the fabrication of 

III-V solar cells. Also, the use of carrier selective contacts for charge carrier separation allows for 

the fabrication of solar cell devices which would otherwise be more complicated.  
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