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Dual-Function Electron-Conductive, Hole-Blocking Titanium Nitride Contacts 

for Efficient Silicon Solar Cells 

Xinbo Yang,1,4,5 Wenzhu Liu,1,4 Michele De Bastiani,1 Thomas Allen,1 Jingxuan Kang,1 Hang 

Xu,1 Erkan Aydin,1 Lujia Xu,1 Qunyu Bi,1 Hoang Dang,1 Esra AlHabshi,2 Konstantinos Kotsovos,2 

Ahmed AlSaggaf,2 Issam Gereige,2 Yimao Wan,3 Jun Peng,3 Christian Samundsett,3 Andres 

Cuevas3 and Stefaan De Wolf 1 

SUMMARY 

High-performance passivating contact is a prerequisite for high-efficiency crystalline silicon (c-Si) 

solar cells. In this work, an electron-conductive, hole-blocking contact based on titanium nitride 

(TiN) deposited by reactive magnetron sputtering is presented. Quasi-metallic TiN combined with 

an ultrathin SiO2 passivation layer (SiO2/TiN) is demonstrated to be an effective electron-selective 

contact on c-Si, featuring a low contact resistivity of 16.4 mΩ∙cm2 and a tolerable recombination 

current parameter of  500 fA/cm2. By implementing the dual-function SiO2/TiN contact, which 

acts simultaneously as surface passivating and metal electrode, an efficiency of 20% is achieved 

by an n-type c-Si solar cell with a simple structure. This work not only demonstrates a way to 

develop efficient n-type c-Si solar cells with dual-function metal nitride contacts at a low cost, but 

also expands the pool of available carrier transport materials, from metal oxides to metal nitrides, 

for photovoltaic devices.  
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Introduction  

The global photovoltaic (PV) market has seen annual growth of >20% over the last decade, 

resulting in a cumulative installed PV capacity worldwide of > 400 GW by the end of 2017.1 

Commercial PV technology is currently dominated by crystalline silicon (c-Si) solar cells, which 

represented over 90% of the market in 2017.2 The specific dominant cell architecture is p-type c-

Si (p-Si) solar cells with a screen-printed aluminum back surface field (Al-BSF), which typically 

feature a power conversion efficiency (PCE) of 17-19% in industrial production.3 This can be 

attributed to the scalability and cost effectiveness of its design, but also to its simplicity; e.g., Al 

plays a dual role, acting both as a p-type BSF dopant and a rear metal electrode. However, there 

are some intrinsic disadvantages associated with this technology. For example, due to the boron-

oxygen complex defect,4 p-Si solar cells suffer from light-induced degradation (LID), resulting in 

a reduction of up to 15% in the module power output after the first year of operation under 

illumination.5 Furthermore, p-type silicon wafers exhibit poorer electronic tolerance to common 

metallic impurities (e.g. Fe, Cr, or Ti), which show a much larger capture cross section for 

electrons than holes.6  

     To overcome these problems associated with p-type silicon wafers and devices, solar cells 

fabricated on n-type silicon (n-Si) wafers have received considerable attention for their higher 

electronic tolerance to defects and impurities, and hence their longer effective minority carrier 

lifetime.7 Due to the absence of boron (and therefore, the boron-oxygen complex), n-Si solar cells 

do not suffer from LID. Consequently, n-Si substrates offer a higher PCE potential and higher 

stability than p-Si substrates, proven by the fact that most ultrahigh efficiency solar cells indeed 

use n-Si substrates.8,9 Using advanced carrier-selective passivating contact technologies, the 

world-record efficiency of 26.7% has been achieved on interdigitated back-contacted (IBC) n-Si 

solar cells.9 An efficiency of over 23% has also been achieved on passivated-emitter, rear locally 

diffused (PERL) n-Si solar cells.10 However, the commercial success of these high-efficiency n-Si 

solar cells may be limited by cost-intensive fabrication processes and capital-intensive equipment.  

     Currently, the most pressing issue of n-Si solar cells is the development of an industrially-

feasible fabrication technology that combines high performance with low cost and high throughput. 

Key to this is the development of a suitable rear contact for n-Si solar cell that simultaneously 

achieves a low contact resistivity (c) and a low recombination current parameter (J0c) on a lightly 

doped n-Si surface. Unfortunately, most of the commonly used metals (e.g., Al and Ag) cannot 
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form an ohmic contact on lightly doped n-Si with a typical resistivity of 1 - 10 cm, due to the 

large Schottky barrier height (B> 0.7 eV),11 which is a consequence of Fermi-level pinning. 

Moreover, unlike the case of Al in p-type silicon, there is no suitable metal that can play a similar 

dual role, i.e., as an n-type dopant (to form a BSF) and a metal electrode, which retards the 

development of an n-type analogue to the p-type Al-BSF cell. The potential of dopant-free carrier-

selective contacts, such as TiO2, MgF2, LiF and TaOx, to boost the efficiency of n-Si solar cells by 

reducing the c and J0c at the rear side has already been intensively investigated.12-15  

     In this work, we present an alternative electron-conductive, hole-blocking contact for n-Si solar 

cells. Thanks to its quasi-metallic conductivity, excellent thermal and chemical stability, titanium 

nitride (TiN) has already been used as a gate electrode for field effect transistors and memory 

devices in the semiconductor industry, and as a capacitor electrode and copper diffusion barrier in 

interconnect technology.16-20 Here, we show that TiN/n-Si heterocontacts exhibit excellent 

electron-selective, hole-blocking characteristics, a very low c, and a moderate J0c. Thanks to its 

high conductivity, quasi-metallic TiN is able to act simultaneously as the metal electrode. By using 

this dual-function SiO2/TiN contact, n-Si solar cells (22 cm2) with an efficiency of up to 20% is 

achieved with a simple, low-cost fabrication process. 

Results and discussion  

Electrical properties of TiN film deposited by reactive sputtering  

We deposited a series of TiN films by sputtering using pure Ti target under different nitrogen 

concentrations (0 - 50%). The inset in Figure 1 shows the dependence of the TiN resistivity on the 

nitrogen concentration. A highly conductive TiN film, featuring a golden-yellow color, with a 

minimum resistivity of  360 Ω∙cm is obtained at the lowest nitrogen concentration of 2.0%. 

The resistivity of the TiN films increases with increasing nitrogen concentration, and reaches a 

maximum value of  3200 Ω∙cm at a nitrogen concentration of 25%. With nitrogen 

concentrations higher than 25%, the TiN films’ resistivity decreases again, a trend also observed 

by Wittmer et al.21 Jeyachandran et al. reported that the increasing bulk resistivity with increasing 

nitrogen concentration can be attributed to the decrease of TiN component in the films, as proven 

by X-ray photoemission spectroscopy (XPS) measurement.22 Bubble structures with a high surface 

roughness were observed in the films deposited at a high nitrogen concentration, probably due to 
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the precipitation of unreacted N2 during growth. Unless stated otherwise, the TiN films discussed 

here are deposited with a fixed nitrogen concentration of 2.0%. 

 

Figure 1. Rsh as a function of thickness of TiN films deposited under a nitrogen concentration of 

2.0%. The inset shows the dependence of the TiN film resistivity on the nitrogen concentration.  

      Figure 1 shows the sheet resistance (Rsh) of the TiN films as a function of thickness. The Rsh 

decreases rapidly with increasing TiN thickness, and a very low Rsh of  15 / is achieved with 

a TiN thickness of 300 nm. Jeyachandran et al. also reported a lowest Rsh of  15 / with a 

thinner TiN film ( 153 nm), which was deposited by sputtering with an even lower nitrogen 

concentration of 0.5%.22 Hall effect measurements indicate that the as-deposited TiN film behaves 

as an n-type semiconductor, with a very high conductivity of 1.6103 Scm-1, an ultrahigh electron 

concentration of 1.3 × 1023cm-3 and an electron mobility of 0.15 cm2V-1s-1. The high conductivity 

of TiN films with a high electron concentration can be attributed to the existence of metallic 

bonding with the d electrons of titanium, as described by Solovan et al.23 The X-ray diffraction 

(XRD) pattern of as-deposited film exhibits strongly pronounced 2 peaks at 36.7, 42.6 and 61.8 

(see Supplemental Figure S1),  indicating a face-centered cubic TiN phase (PDF-01-087-0630) 

with a preferred orientation of (111) planes.24,25 No 2 peaks related to metallic Ti ( 38.5) are 

observed. The cross-sectional transmission electron microscopy (TEM) image (Figure S1 inset) of 

the crystalline TiN film shows a columnar growth behaviour.   
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     Figure 2a shows the dark J-V curves of Schottky structures at room temperature (Figure 2a 

inset); the structures feature a circular front contact (1.0 mm diameter) made of Al (300 nm) or a 

stack of TiN/Ag (300/200 nm) and a full-area Al contact (300 nm) at the rear. Two structures were 

prepared with an ultrathin SiO2 interlayer ( 1.7 nm) between the n-Si and TiN and Al, respectively. 

For TiN contacts with large diameters (e.g.,  4 mm), similar J-V curves were observed for the 

structures both with and without Ag capping layer. We observed that the J-V characteristic is ohmic 

on a p-Si substrate with an Al front contact (black dash-dot curve), due to a small barrier height 

(B).26 However, replacing the front Al contact with TiN, the J-V curve (green line) exhibits non-

ohmic, rectifying behaviour, demonstrating the hole-blocking property of the TiN film. On an n-

Si substrate (electrons carry most of the current), the J-V characteristics of both the Al (blue dash-

dot curve) and TiN (brown dash-dot curve) front contacts exhibit rectifying behavior over the large 

span of current densities probed in the measurement.. However, the structure with a TiN contact 

shows a smaller resistance for both positive and forward voltage biases. When the ultrathin SiO2 

interlayer is inserted between the n-Si and TiN, the J-V curve (red line) exhibits a linear, ohmic 

contact within the probed current density range. In contrast, the Al/SiO2/n-Si heterocontact 

exhibits rectifying behavior (orange dash-dot curve), featuring a much higher resistance than that 

of TiN/SiO2/n-Si contact.  

     The different J-V characteristics observed in Figure 2a can be explained by the change in B at 

the different contact interfaces. It is well known that the B of the Al/n-Si contact is very high ( 

0.7 eV),26 resulting in non-ohmic behaviour. For the TiN/n-Si contact, a smaller, though still 

significant, B of  0.48 eV has been reported,21 consistent with the lower resistance we observed 

under both positive and negative biases. However, we postulate that the magnitude of the B for 

the TiN/n-Si contact is still limited by the occurrence of metal-induced gap states (MIGS) at the 

n-Si surface, caused by the quasi-metallic-characteristic of TiN, as well as residual silicon surface 

defects at the interface. Such MIGS and surface defects are known to result in Fermi-level pinning, 

which is a commonly observed phenomenon in metal-semiconductor (M-S) contacts. Inserting an 

ultrathin dielectric interlayer (e.g. TiOx, AlOx, SiNx, MgO) between the metal and the 

semiconductor was proven to reduce B ≤ 0.3 eV, by reducing the Fermi-level pinning of the M-

S contact.27 Figure 2b shows the log-plot J-V curves of TiN/n-Si contacts both with and without 

an SiO2 interlayer. We observe an obvious increase in reverse current density with the SiO2 
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interlayer, indicating a reduction in the effective B, which will be validated by simulation below. 

Thus, an improved ohmic contact behaviour is observed at the TiN/SiO2/n-Si heterocontact.  

 

Figure 2. (a) Dark J-V curves of Schottky structures (inset) with circular front contacts of either 

Al or TiN. (b) Log-plot J-V curves of TiN/n-Si structures with and without a thin SiO2 interlayer. 

(c) Dark J-V curves of TiN/SiO2/n-Si structures with front TiN circular contacts having different 

diameters (0.5 to 4.0 mm) at room temperature. (d) Dependence of the contact resistivity of TiN/n-

Si and TiN/SiO2/n-Si heterocontacts on temperature. 

     The c at the TiN/n-Si and TiN/SiO2/n-Si interfaces are extracted by the Cox and Strack 

method,28 which involves a series of resistance measurements on a probe station with different 

diameter front contacts (see inset in Figure 2a). Figure 2c shows the J-V curves of the TiN/SiO2/n-

Si/Al structures with different front circular TiN contact diameters (0.5 - 4.0 mm), measured at 

room temperature. All the J-V curves are linear, even for TiN contacts with the smallest diameter 
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(0.5 mm). The measured resistance, which is inversely proportional to the slope, decreases as the 

diameter of the TiN pad increases. By fitting the trend of resistance versus front circular contact 

diameter,28 we extract a low c of 16.4 mΩ∙cm2 (see Supplemental Note 1 for fitting details). In 

contrast, the extracted c of the unpassivated TiN/n-Si heterocontact is almost ten times higher ( 

165 mΩ∙cm2). Wittmer et al. reported that TiN can form an ohmic contact on an n-Si substrate (0.1 

Ω∙cm), and extracted a much lower c of 2.0 mcm2 using the transfer length measurement 

(TLM) method.21,29 Note however that the c value extracted by the Cox and Strack method 

comprises the resistance of the front TiN/n-Si and rear n-Si/Al interfaces as well as the TiN bulk 

resistivity, which can be considered as the upper limit value for the TiN/n-Si heterocontact. Figure 

2d shows the dependence of the c of the TiN/n-Si and TiN/SiO2/n-Si heterocontacts on 

temperature, which was measured using a probe station featuring a temperature control system. In 

the typical outdoor operating temperature range of silicon solar cells (20 - 80C), the c of the 

TiN/n-Si heterocontact decreases from 165 to 10.7 mΩ∙cm2, demonstrating a significant 

temperature dependence. From this, we argue that the current flow at the TiN/n-Si heterocontact 

is dominated by thermionic emission (TE) over the Schottky barrier. However, the c of the 

TiN/SiO2/n-Si heterocontact is shows less temperature dependence, decreasing from 16.4 to only 

9.1 mΩ∙cm2 over the same temperature range. Therefore, it appears that quantum-mechanical 

tunnelling is the dominant carrier transport mechanism at the TiN/SiO2/n-Si heterocontact.11 The 

c of the TiN/SiO2/n-Si heterocontact is two orders of magnitude lower than that of a Al/n-Si 

contact (typically 2 Ω∙cm2),14 and is much lower than that of the electron-selective TiO2, TaOx, 

MgF2, or TaNx contacts on an n-Si substrate.12,14,15,30 These results demonstrate that TiN/SiO2/n-

Si heterocontacts have excellent electron-conductive properties with a very low c, and are suitable 

for high-efficiency silicon solar cells.  

     Next, we calculate the band alignment at the TiN/n-Si interface, using the free numerical 

simulation tool, AFORS-HET.31 Key parameters for TiN and the n-Si substrate (1.0 Ωcm) are 

summarized in Table S1. The band gap of TiN was obtained via UV-Vis spectroscopy using Tauc 

plots, which display the quantity of (αhν)2 as a function of the energy of the light hν, where α is 

the absorption coefficient. We found that the sputtered TiN has a direct bandgap of  3.2 eV (see 

Supplemental Figure S3), which is close to the value (3.4 eV) reported by Solovan et al.23 The 

work function of TiN is determined to be 4.3 ± 0.05 eV, calculated by using the onset position in 
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the UV photoelectron spectroscopy (UPS) spectrum of TiN after surface etching with Ar+ ions 

(Figure 3a). The Ef – Ev value (~3.15 ± 0.05 eV) is obtained from the cutoff in UPS spectrum. A 

clear band tail is observed before and after surface etching (see Supplemental Figure S4), 

indicative of amorphous/nano-crystalline character of TiN film, which is proven by the high 

resolution TEM pictures (Figure 4c and 4d). The sub-bandgap defect band observed between the 

valence band and Fermi energy can be attributed to surface etching damage, because no sub-

bandgap defect band is observed before surface etching. Electron affinity, electron and hole 

mobility, and donor concentration of n-Si (1.0 Ω cm) were calculated by PC1D, which is widely 

used for modelling c-Si solar cells.32 Figure 3b shows the calculated band alignment at the TiN/n-

Si interface as a function of the density of the interface states (Dit). The TiN/n-Si interface exhibits 

a large valence band offset (Ev  2.2 eV) under different Dit, which can effectively block the 

transport of holes from the silicon to the TiN. In contrast, the electron barrier height significantly 

reduces with decreasing Dit. With a relatively high Dit of 51013 cm-2.eV-1, we calculate an electron 

barrier height of  0.53 eV, which is close to the reported B ( 0.48 eV),21 resulting in a non-

ohmic contact at the TiN/n-Si interface. Generally, an ultrathin silicon oxide (1 - 2 nm) formed on 

silicon surfaces can reduces the Dit to the order of 1012 cm-2.eV-1.33,34 We found that the electron 

barrier height decreases to 0.29 eV with an Dit of 71012 cm-2.eV-1. This result is consistent with 

the phenomenon we observed (as shown in Figure 2), where inserting thin SiO2 reduces the c at 

the TiN/SiO2/n-Si interface. The n-Si/SiO2/TiN heterocontact is quite similar to the electron-

selective n-Si/SiO2/TiO2 contact,12,13 which also forms a small barrier for electrons and a large 

barrier for holes at its interface. However, thanks to the high conductivity and high electron 

concentration of TiN, the SiO2/TiN contact exhibits a lower c and simpler structure than the 

SiO2/TiO2/Al contact. 



9 
 

 

Figure 3. (a) The UPS spectrum of TiN film using He I excitation (21.2 eV) after surface etching. 

(b) Band alignment at the TiN/n-Si interface as a function of the density of the interface states (Dit). 

Performance of silicon solar cells with electron-conductive TiN contacts 

Here we tested the TiN contacts at the rear side of the n-Si solar cell, a sketch of which is shown 

in Figure 4a. The device front features a textured surface with a boron-diffused p+ region for hole 

collection, which was passivated by Al2O3 and then capped with a double-layer antireflection 

SiNx/MgF2 stack. With or without an ultrathin SiO2 interlayer, the rear side features a simple full-

area TiN contact for electron collection, which simplifies the fabrication sequence by eliminating 

the diffusion and contact patterning steps. The device fabrication consists of five main steps, 

including texturing & cleaning, front boron diffusion, front passivation & antireflection stack 

deposition, rear TiN deposition and front metallization (see fabrication flow in Supplemental 

Figure S6).  For comparison, a control cell with an Al rear contact was fabricated at the same time. 

The potential industrial processing sequences of n-Si solar cell with SiO2/TiN contacts was 

compared with that for industrial Al-BSF p-Si solar cell, as detailed in Supplemental Note 2, which 

demonstrates that our n-Si solar cell with the SiO2/TiN contact is likely to be competitive with the 

state-of-the-art Al-BSF p-Si solar cell from processing-complexity, cost and potential efficiency 

perspective. 
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Figure 4. (a) Sketch of an n-Si solar cell featuring full-area TiN rear contacts. (b) Light I-V curves 

of the best-performing devices under AM 1.5G; the inset shows an uncalibrated PL image of the 

best cell with a SiO2/TiN contact. Cross-sectional TEM image of the n-Si/TiN interface both (c) 

without and (d) with UV O3 oxidation before TiN depostion. (e) Dependence of device Voc on J0c 

and c of the rear contact using Quokka simulations. 

The J-V curves of the best-performing n-Si solar cells with different rear contacts (Al, TiN, and 

SiO2/TiN) under standard one-sun illumination conditions are shown in Figure 4b, and the main 

photovoltaic parameters are summarized in Table 1. The control cell with an Al rear contact 

exhibits a low efficiency of 16.4%, which we mainly attribute to the low Voc (585 mV) and FF 

(74.2%) caused by both a high carrier recombination velocity and Schottky barrier at the n-Si/Al 

interface. By replacing the Al contact with a TiN contact (cross-sectional TEM image shown in 

Figure 4c), the cell efficiency is enhanced to 18.6%. Thanks to the enhanced hole-blocking and 

lower c at the n-Si/TiN interface, the Voc and FF are significantly improved to 619 mV and 80.3%, 

respectively. The series resistance is reduced from 1.21 Ωcm2 with the Al contact to 0.41 Ωcm2 

with the TiN contact. By inserting an ultrathin SiO2 layer between the n-Si and TiN, as shown in 

the cross-sectional TEM image of Figure 4d, the cell efficiency is further improved to 20%, 

representing an absolute efficiency gain of 3.6% over the control device. The best cell features a 
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very high FF of 81.9%, which can be attributed to the low c of the rear SiO2/TiN contact, as 

demonstrated in Figure 2d. The corresponding series resistance is further reduced to 0.35 Ωcm2. 

The increase of Voc to 644 mV and Jsc to 37.9 mA/cm2 can be attributed to the reduced carrier 

recombination velocity at the rear, due to the presence of SiO2 passivation interlayer. The inset of 

Figure 4b shows the uncalibrated photoluminescence (PL) image of the best device with a 

SiO2/TiN contact. We observe a high uniform PL intensity over the cell area, indicating that the 

surface passivation is homogeneous across the front and rear of the device. By simulating the Voc 

of the device as a function of J0c and c of the rear contact using Quokka,35 as shown in Figure 4e, 

we found that the rear J0c reduces significantly from  10,000 fA/cm2 with the Al contact to  

1,500 and  500 fA/cm2 for the TiN and SiO2/TiN contacts, respectively. The J0c of the SiO2/TiN 

contact is almost equal to a heavily phosphorus doped BSF with an Rsh of  50 /.36 Table S2 

summarizes the main input parameters for the simulations. The simulation results are consistent 

with the increasing Voc of the devices listed in Table 1. 

Table 1. Light J-V parameters of n-Si solar cells with a full-area of Al, TiN and SiO2/TiN rear contacts. 

 Contact Type  
Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

 

(%) 

pFF 

(%) 

Rs 

(Ωcm2) 

Al 585 37.8 74.2 16.4 80.5 1.21 

TiN 619 37.5 80.3 18.6 82.4 0.41 

SiO2/TiN 644 37.9 81.9 20.0 83.5 0.35 

To evaluate the manufacturability of n-Si cells with TiN contacts, the photovoltaic parameters 

of eight devices with TiN and SiO2/TiN contacts and four control device were collected. Figure 5 

shows the statistical distribution of the photovoltaic parameters for these devices. We observe that 

the Voc and FF are improved significantly by replacing the Al contact with the TiN contacts. The 

average efficiency of n-Si solar cell is improved significantly from 16.4% (Al contact) to 18.5% 

(TiN contact) and 19.8% (SiO2/TiN contact), respectively, which demonstrates the high 

performance of TiN contacts.  We emphasize that, thanks to the very high conductivity of TiN, all 

the cell results are measured without additional metal capping (Al or Ag) on the TiN contacts. 

Indeed, the TiN film plays a dual role in the device, as both the electron-selective contact and the 

metallization material. This is the first time that a dual-function, passivating contact has been 
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implemented in silicon solar cells, and it enables already an efficiency of 20% with a simple, low-

cost fabrication sequence.  

 

Figure 5. Statistical distribution of the photovoltaic parameters for n-Si cell with different rear 

contacts, including 4 control cells with Al contact and 8 cells with TiN and SiO2/TiN contacts.   

      Although Voc and FF are significantly enhanced by using the TiN contacts, we found that Jsc 

shows almost no improvement (Figure 5b). We expect Jsc to be enhanced because of the reduced 

carrier recombination at the rear surface, which has been demonstrated in similar devices with 

electron-selective TiO2, TaOx, MgOx, and TaNx rear contacts.12-15,30 The lack of improvement here 

might be due to the high near-infrared parasitic absorption of the TiN rear contact, which is caused 

by the free carriers in the titanium d band.22,37 Therefore, the very high free carrier concentration 

(1023 cm-3) we measured in the TiN films may cause very high free carrier absorption. To confirm 

this, we compare the optical transmission spectra of TiN films with different thickness (Figure 6a). 
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We found that the near-infrared transparency decreases rapidly with increasing TiN thickness. 

With a thickness of 200 nm, the TiN film is almost opaque, with an average transmittance < 3% 

in the wavelength range of 300  1200 nm. Figure 6b shows the internal quantum efficiency (IQE) 

and reflectance (R) of the n-Si solar cells with different rear contacts. The Jsc for the devices with 

Al, TiN and SiO2/TiN contacts, calculated by integrating the external quantum efficiency (EQE) 

and the air mass (AM) 1.5G product, are 37.8, 37.6 and 38.0 mA/cm2, respectively, in good 

agreement with the measured Jsc values. All the devices exhibit a high IQE and low reflectance in 

the low wavelength range (300800 nm), which demonstrates a high quality front side with 

excellent surface passivation and anti-reflection properties. The devices with TiN and SiO2/TiN 

rear contacts show obviously higher IQE in the long wavelength range of 800  1050 nm, which 

might be attributed to the hole-blocking property of the n-Si/TiN and n-Si/SiO2/TiN heterocontacts, 

resulting in a reduced carrier recombination velocity. However, the IQE drops quickly beyond 

1050 nm, most likely due to the high free carrier absorption in TiN contacts. The devices with 

either TiN or SiO2/TiN contact exhibit poor internal rear reflectance than the control device in the 

near-infrared range, which limits the Jsc. In future studies, a TiN/metal (e.g., TiN/Ag) stack with 

ultrathin TiN or a partial rear SiO2/TiN contact design will be investigated, which may improve 

the device performance.  

 

Figure 6. (a) Optical transmission spectra of TiN films with different thicknesses; (b) Internal 

quantum efficiency (open symbols) and reflectance (filled symbols) of the n-Si solar cells with a 

full-area of Al, TiN and SiO2/TiN rear contacts. 
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Stability of silicon solar cells with the SiO2/TiN contacts 

Although we have demonstrated that efficient n-Si solar cells with a simple structure can be 

produced using the dual-function TiN contacts, their stability is also essential for future 

commercialization. After three month exposure to ambient air, a slight degradation in efficiency 

(-0.2% abs.) was observed in the best cell with a SiO2/TiN contact (see supplemental Table S3). 

The degradation is mainly caused by a slight decrease in the FF from 81.9 to 81.3%, which might 

be attributed to surface oxidation of the TiN film. Ernsberger et al. reported that a very thin oxide 

layer (≤ 1.1 nm) formed on a TiN surface after few days under ambient air.38 We also observed an 

increased Rsh in the TiN film (from 15 to 19 Ω/) after the first three days; then, the Rsh reaches a 

stable value ( 20 Ω/) after two weeks exposure (see Supplemental Figure S7). When the TiN 

film was capped immediately with Ag (300 nm), we obtained the same efficiency, and did not 

observe any efficiency degradation after three month of storage in air. Considering that 

encapsulation happens within at most a few days on an industrial production line, this moisture-

induced degradation can likely be ignored. Figure 7 shows the photovoltaic parameters of the best 

device with a SiO2/TiN rear contact as a function of the forming gas (95% N2/5% H2) annealing 

at different temperatures for 30 minutes. The cell performance is stable up to 400C; however, the 

efficiency obviously degraded after the annealing temperature is increased to 450C. This is most 

likely due to a degradation of the rear SiO2/TiN heterocontact. The c of the n-Si/SiO2/TiN 

heterocontact is found to increase from  16.4 to  113 mΩ.cm2 after annealing at 450°C for 30 

mins. TiN may break through the ultrathin SiO2 locally at a high annealing temperature, which 

leads to the degradation of both c and J0c, resulting in the decrease of Voc and FF. Additionally, 

the surface passivation of an Al2O3/SiNx stack on a boron-diffused p+ region is stable up to 425C 

in forming gas.39,40 Annealing at 450C may lead to an increase in the front saturation current 

density (Joe), which may contribute to the Voc degradation as well. The c of the front Cr/Pd/Ag 

stack may also suffer degradation after 30 minutes at 450C,41 resulting in a further reduction of 

the FF. Further investigation of the compatibility of SiO2/TiN contacts with an industrial contact 

firing process and the stability of n-Si module with SiO2/TiN contacts under standard damp heat 

test of 85C and 85% relative humidity would be necessary to push the TiN contact for mass 

production.  
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Figure 7. Photovoltaic parameters (a) Voc and Jsc (b) FF and  of the best device with a SiO2/TiN 

rear contact as a function of forming gas annealing at different temperatures for 30 minutes.  

Conclusions 

We have achieved 20% efficiency in an n-Si solar cell, equivalent to the state-of-the-art Al-BSF 

p-Si solar cells, at the nascent stage of development, by the implementation of a full-area SiO2/TiN 

rear contact. The cell performance is proven to benefit from this SiO2/TiN contact, which 

simultaneously reduces the contact resistivity and carrier recombination at the rear side. The TiN 

film acts simultaneously as a hole-blocking layer and a metallization material in the n-Si solar cell, 

thanks to its high conductivity and suitable band alignment. This dual-function, highly-conductive 

passivating electron contact is prepared by the low-cost and mature sputtering technique, an 

industrial-feasible process for future commercial production. Thanks to its very low contact 

resistivity, TiN contacts might also be suitable for n-Si solar cells with a partial rear contact design, 

enabling even higher efficiency. By using the key parameters (c & J0c) of SiO2/TiN contact, 

Quokka36 simulations demonstrate that an efficiency over 23.5% can be obtained on an n-Si solar 

cell with 5% SiO2/TiN contact fraction at the rear (see Supplemental Note 3 for simulation detail). 

Additionally, the results suggest that highly conductive metal nitrides with a suitable work function 

( 4.3 eV) could be employed as carrier transport contacts for other photovoltaic devices, such as 

organic and perovskite solar cells. This opens an interesting path for future device development.  

 



16 
 

Experimental Procedures 

TiN film deposition and characterization  

TiN thin films were deposited by reactive magnetron sputtering at 200 W using a pure titanium 

target (99.999%). Before deposition, the system was thoroughly flushed with nitrogen (N2) and 

argon (Ar) gases, and then pumped down to a final pressure of ≤ 210-6 Torr. The TiN films were 

deposited in a mixed gas of N2 (2-50%) and Ar under a total pressure of 1.0 mTorr. The 

composition of the deposited thin films was determined by X-ray diffraction (XRD) analysis, 

which was performed with a Bruker D8 Advance diffractometer operated at 40 kV/40 mA at 2θ 

(Cu Kα) from 10-80. Four-point probe measurements were used to measure the sheet resistance 

of TiN films with different thicknesses, which were deposited on a glass substrate. The hole-

blocking property of TiN film was investigated by making Schottky structures (Figure 2a inset) 

with a circular front electrode of either TiN or Al on p- and n-Si substrates (0.1-0.3 Ω∙cm). The 

structures were prepared by depositing front electrodes of TiN or Al (300 nm) with different 

diameters through a shadow mask. The front side of one Schottky structure was subjected to UV 

O3 oxidation for 5 minutes before the TiN film deposition, resulting in an ultrathin SiO2 interlayer 

( 1.7 nm) between the n-Si and TiN. The rear contact consisted of full-area thermally evaporated 

Al (300 nm), which form an ohmic-contact on the low-resistance silicon substrate. The dark 

current-voltage (J-V) measurements were performed on a probe station with a temperature control 

system.  

     Hall-effect measurements were performed on a Lake Shore analyser at room temperature in the 

dark. The sample (10 x 10 mm2) was prepared in the Van der Pauw geometry. The contacts for the 

electrical measurements were made from conductive silver paste. After drying the paste, the ohmic 

behavior of the metal contacts was confirmed by observing linear variation in the I-V 

characteristics; this variation was independent of the polarity of the applied current and the contact 

combinations for each sample. Measurements were done under a 10 kG magnetic field. The UV 

photoelectron spectroscopy (UPS) measurement of the TiN films was performed on a Kratos Axis 

Supra DLD spectrometer using a He-I excitation (21.22 eV) after surface etching with Ar+ ions, 

because the TiN surface can be slightly oxidized in the air. The optical bandgap and transmittance 

of the TiN film, as well as the reflection spectra of the devices, were determined using a UV-vis 

spectrometer (Carry 7000, Agilent).  
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Device fabrication and characterization 

Silicon solar cells (2  2 cm2) featuring a full-area TiN or SiO2/TiN rear contact were fabricated 

with 1.0 Ω cm n-Si substrates. The process sequence is described in the Supplemental Figure S5. 

The substrate surface damage was etched in alkaline solution, and then SiO2 mask layers (100 

nm) was grown in a tube furnace at the temperature of 1000C. By using photolithographic mesa 

etch, four cell areas (2  2 cm2) were defined on a wafer. After texturing with random pyramids 

and RCA cleaning, the front p+ region (Rsh 120 Ω/) was obtained by BBr3 diffusion in a tube 

furnace, and then passivated by Al2O3/SiNx (20/55 nm) stack deposited by plasma-enhanced 

atomic layer deposition (PE-ALD) and plasma enhanced chemical vapor deposition (PECVD), 

respectively. The Al2O3/SiNx passivation stack was activated by forming gas annealing at 400C 

for 30mins. The front contact regions were patterned by photolithography, following by an 

evaporated stack of Cr/Pd/Ag (40/40/40 nm) that subsequently thickened by silver electroplating. 

After etching the rear SiO2 mask layer by HF fuming, the full-area TiN or SiO2/TiN (300 nm) rear 

contact was applied immediately. The ultrathin SiO2 interlayer was prepared by exposure to UV 

O3 for 5 minutes. To prepare the device for the thermal stability test, an additional Ag layer (300 

nm) was deposited on the TiN contacts by thermal evaporation. A control cell with an Al rear 

contact was also prepared together. Finally, MgF2 (90 nm) was deposited on the front side by 

thermal evaporation. The light I–V characteristics of the devices were measured using a light 

emitter diode (LED) based solar simulator under standard one sun conditions. The light intensity 

was calibrated with a reference cell supplied by Frauhofer ISE CalLab. The PL image of the best 

cell was acquired using BT imaging LIS-R3 imager. Cross sections of the TiN contacts were 

observed by High Resolution Transmission Electron Microscopy (HRTEM, FEI Titan 80-300ST).  
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Figure Legends 

 

Figure 1. Rsh as a function of thickness of TiN films deposited under a nitrogen concentration of 

2.0%. The inset shows the dependence of the TiN film resistivity on the nitrogen concentration.  

Figure 2. (a) Dark J-V curves of Schottky structures (inset) with circular front contacts of either 

Al or TiN. (b) Log-plot J-V curves of TiN/n-Si structures with and without a thin SiO2 interlayer. 

(c) Dark J-V curves of TiN/SiO2/n-Si structures with front TiN circular contacts having different 

diameters (0.5 to 4.0 mm) at room temperature. (d) Dependence of the contact resistivity of TiN/n-

Si and TiN/SiO2/n-Si heterocontacts on temperature. 

Figure 3. (a) The UPS spectrum of TiN film using He I excitation (21.2 eV) after surface etching. 

(b) Band alignment at the TiN/n-Si interface as a function of the density of the interface states (Dit). 

Figure 4. (a) Sketch of an n-Si solar cell featuring full-area TiN rear contacts. (b) Light I-V curves 

of the best-performing devices under AM 1.5G; the inset shows an uncalibrated PL image of the 

best cell with a SiO2/TiN contact. Cross-sectional TEM image of the n-Si/TiN interface both (c) 

without and (d) with UV O3 oxidation before TiN depostion. (e) Dependence of device Voc on J0c 

and c of the rear contact using Quokka simulations. 

Figure 5. Statistical distribution of the photovoltaic parameters for n-Si cell with different rear 

contacts, including 4 control cells with Al contact and 8 cells with TiN and SiO2/TiN contacts.   

Figure 6. (a) Optical transmission spectra of TiN films with different thicknesses; (b) Internal 

quantum efficiency (open symbols) and reflectance (filled symbols) of the n-Si solar cells with a 

full-area of Al, TiN and SiO2/TiN rear contacts. 

Figure 7. Photovoltaic parameters (a) Voc and Jsc (b) FF and  of the best device with a SiO2/TiN 

rear contact as a function of forming gas annealing at different temperatures for 30 minutes.  

 

  

 

 

 



23 
 

 

 

Tables 

 

Table 1. Light J-V parameters of n-Si solar cells with a full-area of Al, TiN and SiO2/TiN rear contacts. 

 Contact Type  
Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

 

(%) 

pFF 

(%) 

Rs 

(Ωcm2) 

Al 585 37.8 74.2 16.4 80.5 1.21 

TiN 619 37.5 80.3 18.6 82.4 0.41 

SiO2/TiN 644 37.9 81.9 20.0 83.5 0.35 
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Supplemental Information 

Table S1. Key parameters used for the AFORS-HET simulations 

Parameters TiN n-Si (1.0 Ωcm) 

Thickness (nm) 300 175000 

Dielectric constant  1.4 11.9 

Band gap (eV) 3.2 1.124 

Electron affinity (eV) 4.25 4.05 

Effective conduction band density (cm-3) 11024 2.81019 

Effective valence band density (cm-3) 51023 2.71019 

Electron mobility (cm2V-1S-1) 0.15 1250 

Hole mobility (cm2V-1S-1) 0.01 450 

Donor concentration 1.51023 51015 

   Thermal velocity of electrons (cm.S-1) 1.0107 1.0107 

Thermal velocity of holes (cm.S-1)     1.0107    1.0107 

Layer density (g.cm-3) 5.22 2.33 

 

Table S2. Main parameters used for the Quokka simulations 

Parameters Value 

Cell thickness 200 µm 

p+ emitter sheet resistance 120 / 

p+ emitter Joe-passivated 40 fA/cm2 

p+ emitter Joe-contacted 1000 fA/cm2 

p+ emitter contact resistivity 10-4 Ωcm2 

Front contact shape/width line /5 µm 

p+ emitter half-width  650 µm 

n-type bulk resistivity 1.0 cm 

Bulk lifetime 1000 µs 

Rear contact shape full area 

  Rear contact Jo sweep range        10-15 to 10-11 A/cm2 

Rear contact c sweep range 10-4 to 10 cm2 

Generation type uniform 

Generation current 44 mA/cm2 

Illumination side front 

Shading width 20 µm 
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Table S3. Photovoltaic parameters of the best n-Si cell with SiO2/TiN contact after storing in air for three 
months  

 
Voc 

(mV) 
Jsc  

(mA/cm2) 
FF 
(%) 

 
(%) 

As-prepared 644 37.9 81.9 20.0 

After 1 month 644 37.8 81.2 19.8 

After 3 months 643 37.9 81.3 19.8 

 

 

 

Figure S1. X-ray diffraction patterns of TiN film (300 nm) deposited on a glass substrate. The inset shows 
a cross-sectional TEM image of TiN film deposited on a polished silicon substrate. 

Supplemental Note 1  

The contact resistivity at TiN/Si interface was extracted by Cox and Strack method (R. Cox, H. Strack, 
Solid-State Electron. 1967, 10, 1213), which involves a series of resistance measurements on a probe 
station with different diameter front contacts, as shown in Figure 2c. Figure S2 shows the measured 
resistance as a function of the front TiN/Ag circular contact diameters. The contact resistivity is then 
extracted by fitting the trend of resistance versus front circular contact diameter using the Cox and Strack 
method equation,  

𝑅𝑇 =
𝑅𝐵

𝑑𝜋
𝑎𝑟𝑐 𝑡𝑎𝑛

4

𝑑 𝑡⁄
+

4𝜌𝑐

𝜋𝑑2
+ 𝑅0 

where 𝑅𝑇 is the measured total resistance, 𝑅𝐵 is the bulk resistivity of silicon substrate (0.3 Ω∙cm), d is the 

diameter (cm) of the front circular contact, t is the thickness of the silicon substrate (0.05 cm), c is the 
specific contact resistance, R0 is the contact resistance of the rear full-area Al/Si contact. Due to a heavily 
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doped silicon substrate (0.3 Ω∙cm) was used for this measurement, R0 was set to 0. An accurate c of 16.4 

mΩ∙cm2 is extracted fitting the data, as shown in Figure S2. c under different temperatures, as shown in 
Figure 2d, were extracted in the same way.  

 

Figure S2. Extraction of c at the TiN/SiO2/n-Si heterojunction by fitting the curve of resistance versus front 

circular contact diameter. 

 

Figure S3. Plot of (h)2 against photon energy for the TiN thin film, which indicates a direct bandgap of 

3.2 eV. 
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Figure S4. UPS spectrum of TiN before and after Ar+ ions surface etching. 

 
Figure S5. Fabrication flow of n-Si solar cells with SiO2/TiN contact 
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Supplemental Note 2  

Figure S6 shows the processing sequences of Al-BSF p-Si cell and n-Si cell with SiO2/TiN contact, both of 
which consist of 6 main steps. The front side involves similar steps, including diffusion, passivation/anti-
reflection layers deposition and metallization. The main difference is the rear contact. The rear contact of 
Al-BSF p-Si cell usually consists of a stack of Al/Ag layers, which involves two screen printing (Al and Ag 
pastes) and baking steps, as well as one contact firing step. In this process, expensive Ag paste 

(commercial price  800 US$/kg) is required. In contrast, the rear contact of n-Si technology consist of a 
stack of SiO2/TiN. The TiN is prepared by the industrially-established sputtering technique at room 

temperature using a cheap titanium target ( 5 US$/kg, see https://www.metalary.com/titanium-price/ for 
reference), and the SiO2 could be prepared by either a short UV O3 or thermal oxidation. Therefore, the 
fabrication complexity and cost of n-Si cell with TiN contact is likely to be comparable to that of the Al-BSF 
p-Si cell. A primary result of n-Si cell with SiO2/TiN contact reaches an efficiency of 20%, which is already 

higher than the practical efficiency limit (19.5%) of Al-BSF p-Si cell (F. Fertig et al. 7th SiliconPV conference, 
Freiburg, Germany, 2017). Moreover, Al-BSF p-Si cell also suffers from light-induced degradation (LID), 
which may lead to an efficiency loss up to 15% relatively under illumination in the first years of module 
operation, whereas n-Si technology do not suffer from LID. Therefore, we can conclude that n-Si cell with 
SiO2/TiN contact is likely to be competitive to Al-BSF p-Si cell. 

 

Figure S6. The potential processing sequences of n-Si cell with SiO2/TiN contact and industrial Al-BSF p-

Si cell. 

       

 

https://www.metalary.com/titanium-price/
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Figure S7. Sheet resistance of TiN film (300 nm) as a function of exposure days in the air at room 
temperature 

Supplemental Note 3  

The n-Si solar cell with partial rear SiO2/TiN contact (contact fraction 5%) was simulated using Quokka. The 
unit cell is shown in the Figure S7(a), featuring a front and rear line contact of 2% and 5%, respectively, 
with the same finger pitch of 1 mm. Most of the key parameters for the simulation, as listed in Table S4 are 
obtained from experimental measurements. Figure S7(b) shows the simulated light I-V of the n-Si with 5% 
rear SiO2/TiN contact, featuring a high efficiency of 23.8%. Compared with the full-area SiO2/TiN contact, 
the Voc and Jsc are significantly improved, due to the improved surface passivation and reflection at the rear 
(Usually, SiNx with excellent surface passivation is used for the rear passivation). 

Table S4. Main parameters used for the Quokka simulations 

Parameters Value 

Cell thickness 170 µm 

p+ emitter sheet resistance 120 / 

p+ emitter Joe - passivated 40 fA/cm2 

p+ emitter Joe - contacted 1000 fA/cm2 

p+ emitter contact resistivity 10-4 Ωcm2 

Front contact shape/width line /10 µm 

p+ emitter half-width  500 µm 

n-type bulk resistivity 1.0 cm 

Bulk lifetime 2000 µs 

Rear contact shape/width 1ine/25 µm 

Rear Jo - passivated 5 fA/cm2 

  Rear J0c -contacted       500 fA/cm2 

Rear contact c  1.6  10-2 Ωcm2 

Generation type uniform 

Generation current 43 mA/cm2 

Illumination side front 

Shading width 10 µm 



30 
 

 

 

Figure S8. (a) Unit cell generated by Quokka; (b)  Simulated light I–V curve of n-Si solar cell with 5% 
SiO2/TiN contact fraction at the rear side.  

 


