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Abstract: Passivating contacts consisting of doped polycrystalline silicon (poly-Si) on a thin tunnel-oxide 

enable excellent operating voltages for crystalline silicon solar cells. However, hole-collecting contacts 

based on boron-doped poly-Si do not yet reach their full surface-passivation potential, likely due to boron 

diffusion during annealing. In this work, we show how the insertion of a thin intrinsic silicon buffer layer 

between the silicon oxide and poly-Si is effective in improving the contact passivation. By tailoring the 

microstructure of the buffer layer, the chemical passivation and contact resistivity are simultaneously 

significantly improved. On the device level, our buffer layer enables a ~30 mV open-circuit voltage 

enhancement and 1.4% absolute gain in power conversion efficiency.  
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Passivating contacts based on polycrystalline silicon (poly-Si) enable excellent open-circuit voltages (Voc) 

and power conversion efficiencies (PCE) for crystalline silicon (c-Si) solar cells [1][2][3][4][5]. In 2018, a 

PCE of 26.1% was reported for a c-Si solar cell using such contacts in an interdigitated back contact (IBC) 

layout [6], approaching the world-record PCE of 26.7%, which utilises silicon heterojunction technology 

for its contact formation [7]. Poly-Si contacts usually feature a nanometer thin SiOx layer in between the c-

Si wafer and the (doped) poly-Si film to simultaneously enable excellent surface passivation and the 

collection of majority carriers. A major advantage of such contacts over their SHJ counterparts is their 

higher temperature resilience, offering processing-compatibility with current industrial solar cell 

manufacturing; devices that integrate hole-collecting poly-Si(p+) contacts at the rear of conventional 

diffused-junction c-Si solar cells are anticipated to become the next mainstream industrial photovoltaic 

technology, replacing aluminum back surface field (BSF) and passivated emitter and rear emitter cell 

(PERC) technologies [1]. However, whereas electron-collecting poly-Si(n+) contacts have already been 

demonstrated with excellent surface passivation [4][8][9], the case of their hole-collecting counterparts, 
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utilizing boron-doped poly-Si(p+), is hampered by relatively poor surface passivation [10][11]. Although 

additional hydrogenation treatments have been reported to further improve poly-Si(p+) contact passivation, 

with dark saturation current densities J0 less than 5 fA/cm2[2][12], the relatively poor surface passivation 

afforded by poly-Si(p+) contacts compared to their n+ counterparts, remains a widely reported concern. 

Generally, Si dangling bonds present at the SiOx/c-Si interface [13][14] and pinholes within the SiOx formed 

during the annealing process [15][16][17] can limit the surface passivation of poly-Si contacts. Specifically, 

in the case of boron-doped poly-Si(p+) contacts, boron diffusion during high-temperature annealing, 

required to crystallize the deposited amorphous silicon films into poly-Si, may additionally create a high 

density of hole-trapping, boron-induced oxygen-vacancy states in the SiOx layer, as well as strain in the 

contact structure leading to pinhole formation, all of which strongly limit the surface passivation 

[15][18][19][20][21][22][23][24].   

To improve the surface passivation in a similar contact structure, Nogay et al. inserted a thin 

intrinsic amorphous silicon (a-Si) buffer layer between a SiC(p+) and SiOx layer [2][25]. They reported that 

the buffer layer boosts the SiC(p)/SiOx/c-Si contact passivation by mitigating the chemical reaction of SiOx 

with carbon from the SiCx(p) layer as well as limiting the dopant (B+) accumulation around the SiOx layer. 

In this work, to address the details of passivation degeneration by boron-diffusion, we insert a thin intrinsic 

hydrogenated amorphous silicon [a-Si:H(i)] buffer layer with a tailored microstructure between the a-

Si:H(p+) and SiOx layers. Subsequently, the high-temperature annealing process transforms the a-Si:H stack 

to the poly-Si phase, forming hole-collecting poly-Si passivating contacts. We find that a-Si:H(i) with a 

moderate mass density is the most suitable buffer layer for achieving high-quality poly-Si(p+) contacts, 

evidenced by a lower surface recombination velocity and contact resistance. Moreover, this work also 

investigates the effects of B+ on the SiOx structure and residual silicon surface defects on the contact 

passivation. On the device level, insertion of this buffer leads to gains in of 1.4% in absolute PCE compared 

to our reference solar cell.  
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Figure 1. (a) Si-H stretching-mode absorptions of as-deposited a-Si:H(i) buffers, labeled as porous, medium and dense, 

characterized by Fourier-transform infrared (FTIR) spectroscopy. (b) Raman-spectroscopy peak full width at half maximum 

(FWHM) of the porous, medium, and dense a-Si:H(i) buffer layers at wavenumber 518cm-1 and 500cm-1 respectively after high-

temperature annealing. 

For the experiments, double-side polished c-Si floatzone (FZ) n-type (100) c-Si wafers (280±20μm, 

1-5 Ω·cm) were dipped into a 5% HF solution for 1 minute to remove the surface native oxide, followed 

by rinsing in de-ionized water. Next, the wafers were immersed in a boiling nitric acid solution 

(concentration >69%) for 15mins for tunneling oxide growth (~1.5 nm). Subsequently, stacks of 12 nm a-

Si:H(i) and 30 nm a-Si:H(p+) films were successively deposited by plasma-enhanced chemical vapor 

deposition (PECVD) at 200°C (Oxford Plasma System100; Octopus PECVD, Indeotec). For tailoring the 

a-Si:H(i) microstructure, the Ar/SiH4 or H2/SiH4 gas flow ratios were gradually increased. Depending on 

these ratios, we found the density of the resulting a-Si:H(i) films, inferred from the microstructure factor R 

(discussed below), to be “porous” (pure SiH4, 200 sccm); “medium” (SiH4/Ar 20/475sccm); and “dense” 

(SiH4/H2: 25/800 sccm). For comparison, a similar structure without an a-Si:H(i) buffer layer was also 

fabricated. All samples were then transferred into a tube furnace at room temperature, which was then 

increased to 850°C with a heating rate of 10°C/min. The samples were then held at a plateau of 850°C for 

30 min, followed by passive cooling to room temperature. The full annealing process was performed in a 

pure N2 atmosphere without subsequent hydrogenation of the films. The minority carrier lifetime of the 

annealed samples was measured by a Sinton WCT-120 instrument, and the boron profiles were probed by 

secondary ion mass spectrometry (SIMS) with an O- ion source. Contact resistivities were extracted by the 

Cox and Strack method [26]. 300nm full area aluminum is deposited at the backside of Poly-Si(p+)/SiOx/c-

Si(p) stacks, and aluminum circles (300nm) that featured with 0.8mm, 0.6mm, 0.4mm, 0.3mm, 0.25mm, 

0.2mm and 0.15mm diameters are deposited at the surface of poly-Si(p+). To characterize the microstructure 

of the a-Si:H(i) buffer layer before annealing, Fourier-transform infrared (FTIR) spectra of the porous, 
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medium, and dense films were measured in transmission mode. The annealed intrinsic buffer films were 

characterized by Raman spectroscopy (NTEGRA Spectra, NT-MDT Spectrum Instruments) and conductive 

atomic force microscopy was performed to measure the current signal flows through the poly-Si(p+) contact 

with the medium buffer layer under 500mV bias voltage. Finally, we tested our buffer layers on device 

level by fabricating two-sided poly-Si passivating-contact solar cells. For this, as before, thin SiOx films 

(~1.5nm) were wet-chemically grown. Then a 30 nm a-Si:H(n+) film and either a 30 nm a-Si:H(p+) or an 

a-Si:H(i)/a-Si:H(p+) stack were deposited onto these SiOx films by PECVD on the respective wafer sides. 

After film deposition, the samples were annealed in a tube furnace. Next, 80nm and 120nm of indium tin 

oxide (ITO) was sputtered on the front and rear side, respectively. Finally, a full area silver contact was 

sputtered on to the rear side of the solar cells, and silver paste was screen printed to realize the front grid 

followed by 15 minutes of curing at 200°C.  

As stated, the microstructure of a-Si:H films can be inferred from the microstructure factor R, which 

is the ratio of integrated absorption intensity mode around 2080 cm-1 to the sum of integrated absorption 

intensities of modes around 2080 cm-1 and 2010 cm-1.  

𝑅 =
[2080]

[2010] + [2080]
 

Fig. 1(a) show Si-H FTIR spectra of the porous, medium and dense a-Si:H(i) films. The porous and dense 

films show pronounced stretching modes at ~2080 cm-1 and ~2010 cm-1 respectively. With R = 0.11 and 

0.64, their microstructures are found to be porous and dense, respectively. The moderate R value of 0.48 

for our ‘medium’ a-Si:H(i) film indicates it effectively has a medium mass density, i.e., between porous 

and dense [27][28]. Fig. 2(a) shows the B+ depth profile, acquired by SIMS, of the annealed poly-Si(p+)/c-

Si interface with and without a-Si:H(i) buffer layers. Although the control sample without a buffer layer 

has a thinner poly-Si(p+) layer (20nm) than those with the buffer layer (40nm), the control sample has the 

highest interfacial B+ density. It is seen that a high density of boron atoms aggregates at the SiOx tunneling 

layer, which likely ‘poisons’ the interface, impairing effective passivation. Fig. 2(a) shows that the porous 

12 nm a-Si:H(i) buffer effectively hinders the diffusion of boron atoms. As a consequence, the B+ density 

becomes lower at the SiOx/c-Si interface, compared to the control sample. Similarly, the dense a-Si:H(i) 

buffer layer also impedes the diffusion of boron atoms, improving the interface passivation as well. 

Interestingly, the medium a-Si:H(i) acts as the best buffer layer, displaying the lowest interfacial boron 

density. 
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Figure 2. (a) Boron density profile measured by SIMS for the poly-Si(p+)/SiOx/c-Si contact interfaces with and without out 12 nm 

buffer layers. (b) The minority carrier lifetime of control, Porous, Medium and Dense symmetric contacts at 1×1015 cm-3 injection 

level respectively. (c) Schematic of poly-Si(p+)/SiOx/c-Si contact structure with pinhole. (d) c-AFM image of poly-Si(p+) contact 

without buffer layer under 500mV applied voltage. 

In a-Si:H(p+) films, the boron-doped sites experience a high strain due to bond-length fluctuations 

[29]. During high-temperature annealing BSi bonds are susceptible to rupture, upon which the small boron 

atoms can thermally diffuse in the amorphous network, which can explain the accumulation of boron atoms 

in the SiOx layer [30]. For the porous a-Si:H(i), high-temperature annealing leads to drastic internal-void 

collapse and hydrogen effusion from the a-Si:H matrix [31][32]. Simultaneously to the hydrogen effusion, 

large amounts of boron atoms find vacancies to diffuse to the buffer layer, and finally a portion of them 

may reach the c-Si surface. Refs. [12] and [13] described similar phenomena, where violent hydrogen 

effusion and slow crystallization facilitate the diffusion of boron atoms, and the creation of a high density 

of Si dangling bonds. These vacant states assist boron migration in a-Si:H [30]. Boron atoms show a lower 

accumulation in our buffer layers of medium density due to its more ordered structure and lower hydrogen 

content [30], in agreement with the fewer detected boron atoms at the SiOx/c-Si interface, as shown in Fig. 
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2(a). We propose that the higher ordered microstructure of the dense a-Si:H buffer results in the formation 

of a high density of small poly-Si grains during annealing [11][15][16]. Such small poly-Si grains lead to 

high defect and grain-boundary densities, providing effective diffusion paths for boron atoms, as their 

diffusion coefficient is higher along the grain boundaries than inside poly-Si grains [33][34][35][36]. Figure 

1(b) illustrates the Raman spectroscopy peak full width at half maximum (FWHM) around 518 cm-1 and 

500 cm-1 of our porous, medium and dense buffers after annealing. These Raman peaks corresponds to c-

Si and the outer shell of grain cores, which consists of near-surface fine size crystalline phases with irregular 

shapes. An increase in FWHM indicates a reduction in average poly-Si grain size [37][38][39][40]. 

Compared with the dense buffer layer, the medium buffer layer results in slightly larger poly-Si grains with 

a relatively lower grain-boundary density, and hence fewer channels for boron diffusion. In figure 2(a), 

similar interfacial boron densities are found in the porous and dense buffer layers. This suggests that the 

diffusion of boron atoms can be represented by a competition between vacancy-assisted and grain boundary 

migration, and the porous and dense buffer layers have a similar boron diffusion rate during the annealing 

process.  

Fig. 2(b) displays the minority carrier lifetime of symmetric poly-Si(p+) contacts with and without 

buffer layers. All the poly-Si(p+) contacts with buffer layers exhibit higher minority carrier lifetimes than 

that of the control sample, demonstrating that impeding boron migration via buffer layers indeed improves 

the poly-Si(p+) contact passivation. Clearly, the best passivation, with minority carrier lifetime ~1.6 ms and 

J0 ~21 fA.cm-2, is obtained using the medium buffers, likely due to the reduction in boron accumulation in 

the SiOx tunneling layer, which in turn leads to a lower c-Si surface defect density and reduced pinhole 

area, as we discuss below. In terms of porous and dense buffers, a very similar boron density around SiOx 

is measured, which is consistent with their similar minority carrier lifetimes in fig. 2(d). The main reason 

for this B+ density difference around the SiOx layer is the diffusion-coefficient variation in different 

structures of buffer layers. As discussed in the last paragraph, the porous buffer suffers from violent 

hydrogen effusion and slow crystallization processes that create a high density of sites for boron atom 

migration during the annealing process. Thanks to a more optimal hydrogen content and poly-silicon grain 

size, the medium buffer obtains the minimum boron diffusion coefficient and, consequently, the lowest 

interfacial B+ density. In addition to boron-induced defects in the SiOx, silicon dangling bonds in the pinhole 

area also need to be considered as a contribution for the poly-Si(p+) contact-passivation degeneration. 

Figure 2(d) shows the areal density of pinholes formed after annealing, determined by c-AFM, and the 

schematic of figure 2(c) depicts the interfacial structure with a pinhole. Strained and dangling bonds are 

generated during the annealing process due to boron incorporation in SiOx, which contributes to pinhole 

formation. The conclusion from reference [41] that the pinhole density increases with B+ doping 

concentration in the SiC(p+) as well as increased annealing temperature are consistent with this conclusion. 
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An increasing pinhole area degrades the contact passivation because the associated silicon dangling bonds 

are located between the poly-Si(p+)/c-Si contacts. We, therefore, hypothesize that the pinhole density and 

interfacial boron density are the main contributions limiting the poly-Si(p+) contact minority carrier 

lifetime.  

Notably, the addition of intrinsic buffers is also beneficial from the majority-carrier perspective: 

when the medium buffer layer is used to fabricate poly-Si(p+) contacts, an ohmic contact with ~3 mΩ/cm2 

contact resistivity is obtained, which is an order of magnitude lower than for the reference structure [see 

Fig. 3(a) and (b)]. We propose that a lower interfacial defect density, likely resulting in a reduced pinning 

of the Fermi-level, is the major reason for this improvement. Indeed, for the poly-Si(p+)/SiOx/c-Si contact 

without a buffer layer, as Fig 2(a) demonstrates, a higher density of boron atoms has accumulated around 

the SiOx layer; part of the boron atoms have penetrated and accumulated into SiOx layer during high-

temperature annealing [20][22][42]. Strained and dangling bonds are generated during the annealing 

process due to boron incorporation in SiOx. Here, arguably the most probable defect which plays a role in 

the poly-Si(p+)/SiOx/c-Si(p) contact-resistivity variation is the boron-decorated oxygen vacancy within the 

amorphous SiOx films [18][19] [43][44]. The O-deficient point defects are energetically positioned at about 

E-Ei=0.05 eV within the SiOx layer [18][19][23][24][43][45]. In amorphous SiOx films that coat c-Si 

surfaces, these defects act as donor-like surface states within the c-Si band gap, resulting in Fermi-level 

pinning and thereby inducing a transport barrier for holes with a certain energy [23][45][46][47]. To further 

confirm this defect-induced phenomenon, we simulated the band alignment of poly-Si(p+)/SiOx/c-Si(p) 

contacts with a range of different interfacial O-deficient point-defect densities. Fig 3(c) shows the band 

alignments with different interfacial defects densities, Dit. Obviously, a high Dit induces a high transport 

barrier for holes, positioned at the valence band maximum. Therefore, we conclude that the buffer layer 

effectively reduces the contact resistance for hole transport by suppressing the boron-induced defect density. 
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Figure 3. I-V curves of different contact areas on poly-Si(p+)/SiOx/c-Si(p) contact without (a) and with (b) buffer layer. (c) AFORS-

HET v2.5 simulated band bending at poly-Si(P+)/SiOx/c-Si(P) interface with variable Dit from 1.5×1010 cm-2 to 1.5×1013 cm-2. 

      Next, we test the poly-Si(p+) with buffer-layer contact by fabricating 4 cm2 c-Si(n) solar cells, as 

sketched in Fig. 4(a). The device features planar surfaces with a front junction. Based on this structure, first, 

we did device simulations for which different O-deficient defect densities at the SiOx/c-Si(n) interface. Fig 

4(b) shows the simulated J-V characteristics, from which it can be seen that, expectedly, a higher interfacial 

Dit hinders a high Voc and fill factor, FF. Indeed, an increase in Dit results in interface recombination, 

obviously detrimentally affecting the Voc and voltage at the maximum power point, and so decreasing the 

FF. Moreover, Dit > 1.5 × 1012 cm2 results in Fermi-level pinning, inducing a (thermionic) energy barrier 

for hole transport, further affecting the FF. We note that in addition to donor-like O-deficient point defects, 

acceptor-like defects have also been reported in the SiOx/c-Si system [15][18][48], in which case our 

simulations find similar trends as given in Fig.4 (b), again due to Fermi-level pinning (data not shown). 

Figure 4(c) shows the illuminated J-V curves of experimental solar cells with and without a buffer layer. In 

agreement with the simulated results, via buffer layer insertion, the device PCE significantly improves from 

16.8% to 18.2%, thanks to increases in Voc and FF. This is typical behavior expected from improved 
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chemical interface-passivation and is consistent with the lifetime results of Fig. 2 (b) [49][50][51]. Our 

solar cells were mainly fabricated as a proof-of-concept test platform for our poly-Si contacts; a PCE of >22% 

can be expected if the wafer is textured as in state-of-the art devices.  

 

Figure 4. (a) Device sketch of poly-Si passivating contact solar cell with buffer layer. (b) Simulated J-V curves against Dit in 

AFORS-HET v2.5. (c) J-V curves of devices on planar c-Si wafers employing p-type poly-Si contacts with and without buffer layer 

      To conclude, we propose inserting a thin intrinsic silicon buffer layer between the tunnel oxide and 

poly-Si(p+) for efficient hole-collecting passivating contacts to simultaneously improve the interface 

passivation and contact resistivity of silicon solar cells. During high temperature annealing, the a-Si:H(i) 

buffer layer prevents boron migration from the poly-Si(p+) film to the SiOx/c-Si interface, thereby 

improving the poly-Si(p+)/SiOx/c-Si interface passivation. FTIR, SIMS, and minority lifetime investigations 

demonstrate that medium density intrinsic a-Si:H films are the most suitable candidates for the boron 

diffusion buffer layer. Finally, the passivating-contact solar cell performance confirms that employment of 

a medium-density intrinsic a-Si:H buffer results in >1% gains in absolute PCE improvement.  
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