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Abstract: We investigate the contact resistivity of p-

type passivating contacts for silicon solar cells. Our 

contact structures are compatible with firing, a 

rapid annealing process similar to the one used for 

sintering of the screen-printed metallisation in 

solar cell manufacturing. We find that the short 

firing process crystallises the doped layers and 

incorporates active boron dopants up to the 

solubility concentration at the chosen firing 

temperature. The dependence of our contact 

resistivities on carrier density and temperature 

suggest that the hole transport is a combination of 

tunnelling through the oxide at the wafer surface 

and of thermionic field emission over the Schottky 

barrier to the metallisation. For ideal firing 

conditions we find implied open circuit voltages up 

to 720 mV and contact resistivities as low as 

15 mΩcm2. 

 

Index Terms - contact resistivity, passivating 

contact, silicon solar cell 

I. INTRODUCTION 

Carrier selective passivating contacts are a key 

ingredient for high efficiency silicon solar cells. 

Conversion efficiencies up to 26.7% were recently 

demonstrated for back contacted n-type cells, using a 

low-temperature heterojunction with amorphous 

silicon passivating layers [1], [2]. Alternatively, a 

high-temperature approach with a tunnel-oxide 

passivating contact (TOPCon) on n-type wafers led to 

efficiencies of up to 25.7% [3]. For a passivating 

contact of poly-Si on oxide (POLO) in a rear contacted 

architecture on p-type wafers, an efficiency of 26.1% 

was demonstrated [4]. Despite the impressive 

performance of passivating contacts, a rapid transfer to 

manufacturing has been hampered by various aspects. 

For example, rear contacted cells usually require an 

elaborate processing sequence with various 

lithographic and aligning steps, and a process without 

lithography was shown only recently [5]. The 

implementation of the less commonly used n-type 

wafers in some of the approaches was also considered 

a hindrance, but this fear may yet be proven wrong 

since the production of n-type cells with tunnel oxide 

passivating contacts are currently scaled up to the GW 

level [6]. Another hindrance that also applies to p-type 

silicon solar cells and thus to a large majority of silicon 

solar cells, is their formation by long annealing 

processes at high temperatures. A possible solution to 

this issue was the recent demonstration of p-type fired 

passivating contacts (FPCs) since they can be 

processed with conditions that are compatible with the 

rapid thermal annealing step used in large-scale 

manufacturing for sintering of the metallisation [7].  

Owing to dwell times of only a few seconds at typical 

firing temperatures between 750 and 850°C, the 

thermal budget of FPCs is not sufficient to diffuse 

dopants across the oxide into the region close to the 

wafer surface [7]. Instead, the highly doped contact 

layer induces an accumulation layer across the 

passivating oxide into the wafer. Therefore, a careful 

passivation of structural defects in the thin oxide layer 

and at its interfaces is needed to avoid trapping of 

charge carriers and thus a reduction of the band 

bending (BB) in the accumulation layer.  

In this contribution, we analyse the doping 

concentration in the contact layer after firing, we 

characterise the contact resistivity between the wafer 



and the external metallisation, and we discuss possible 

current transport mechanisms. 

II. EXPERIMENTAL 

Our experiments were carried out on boron-doped 

<100> float zone wafers with a thickness of 200 µm 

and a resistivity of 2 Ωcm. A measurement of the shiny 

etched (SE) surface finish with AFM (not shown) 

revealed an RMS roughness of ca. 15 nm. After 

cleaning, both sides were covered with a ca. 1.2 nm 

thick oxide, either by immersion into hot HNO3 (69%, 

80°C) or by ozone under UV light of a mercury lamp 

(Jelight, UVO cleaner42). Plasma enhanced chemical 

vapour deposition (PECVD) with an excitation 

frequency of 40.6 MHz was used to grow 40 nm thick 

p-type SiCx:B on both sides of the Si wafer at 200°C, 

using silane (SiH4), hydrogen (H2), methane (CH4) and 

tri-methyl-boron (B(CH3)3, TMB). Subsequently, the 

samples were fired by rapid thermal processing (RTP) 

in argon atmosphere using fast ramping of 50°C/s and 

a dwell time of 3 seconds at temperatures between 770 

and 830°C (Jetfirst 200, Jilpelec). For the firing 

experiments, the temperature was controlled by a 

pyrometer against reference measurements with 

thermocouples in contact to the wafer. Finally, the 

samples were hydrogenated by applying a layer of 

SiNx by PECVD on both sides and annealing in a 

firing furnace in air (Camini, Meyer-Burger). We 

estimate dwell times of about 3 s from the speed of the 

transport rollers at set temperatures between 770 and 

830°C. Since the temperatures are controlled by 

thermocouples in the heating zones, we estimate that 

the actual sample temperatures are 60 to 70°C lower, 

i.e. less than the firing temperatures. After 

hydrogenation, the SiNx layers are stripped in HF.  

Optical characterisation was carried out with 

ellipsometry (UVISEL, Horiba Jobin Yvon), UV-Vis 

spectrometry (Lambda 950 with integrating sphere, 

Perkin Elmer), and IR transmission (Vertex 90 FTIR, 

Bruker). The contact resistivity was characterised by 

the transfer length method (TLM). Samples were 

dipped in HF to remove native oxides, then an ITO/Ag 

bilayer was sputtered through openings in a shadow 

mask. This contact structure was chosen because it is 

also used in our demonstrator solar cells. 

Subsequently, the samples were cleaved along the 

TLM pattern to avoid lateral current spreading. The 

current spreading into the wafer was corrected 

according to ref. [8]. Since sputtering can deposit 

material under the shadow mask, the true distances 

between the pads was measured by optical 

microscopy. The area between the pads was not etched 

since the sheet resistance of the fired layer is negligible 

with respect to the wafer as discussed below. The 

shown results are averages over three individual 

samples, the error bars denote their standard deviation. 

The implied open circuit voltage 𝑖𝑉𝑜𝑐  of the fired 

passivating contacts was determined on the symmetric 

samples by photconductance decay (Sinton WTC 

120).  

III. OPTICAL CHARACTERISATION 

The carrier density in the crystallised film is of interest 

for a variety of reasons; first, it will impact the contact 

resistivity 𝜌𝑐 to the external metallisation, in our case 

ITO. Second, in the absence of an in-diffused region it 

governs the induced accumulation layer. Third, it may 

reduce the photocurrent by parasitic absorption. Since 

our sample structures is p+/p/p+, we cannot 

characterise it by Hall measurement. Alternatively, it 

can be assessed by its free carrier absorption (FCA). 

A. Free carrier absorption 

The FCA of in a thin film can be measured by IR 

transmission [9]. The impact of light scattering at the 

surface morphology of the SE wafers against a double 

side polished wafer (DSP) with a thickness of 280 µm. 

The transmission spectra of the DSP and the SE wafers 

in Fig. 1 show that light scattering becomes negligible 

below 0.2 eV because the wavelength in this spectral 

region is above 6 µm and thus more than 500 times 

larger than the surface roughness. The transmission 

data of bulk silicon was modelled on the basis of 

published permittivity data for the visible [10] and for 

the IR [11], [12]. Nevertheless, we note that the 

method is not applicable to wafers with deeper textures 

such as a saw-damage etch or random pyramids. 

The visible and UV properties were measured by 

ellipsometry between 0.6 and 6 eV in reflection 

geometry under an angle of 70°. Above the bandgap 

energy of silicon, ellipsometry probes the primary 

reflection and thus the moderate surface roughness of 

the SE samples has a minor impact. Discrepancies 

were found for energies below the bandgap where the 

samples become transparent. Due to a small spot size 

and light scattering within the wafer, the contribution 

from the rear surface is collected only partially, and 

consequently the fitting of the ellipsometry data was 

restricted to the region between 1.2 and 6 eV. The 

deviations between measured data and fitted curves 

are shown in the inset of Fig. 1 for energies below the 

bandgap.  



To obtain more reliable data in the spectral region 

around the onset of transparency, we measured the 

total transmission between 0.5 and 1.4 eV in a 

spectrometer with integrating sphere. Finally, the 

signature of FCA was assessed by the IR transmission 

at photon energies between 0.05 and 0.15 eV. Fig. 1 

shows that this region lies outside of the absorption 

bands of ambient influences, especially H2O. The data 

was modelled with the software package DeltaPsi 

(Horiba Jobin Yvon), using a bound model to 

simultaneously fit all three spectral regions with the 

same model.  

 
Fig. 1: IR transmission spectra of DSP and SE wafer (full and open 

squares, respectively) and of a sample with a doped SiCx layer on 

both sides (circles, measured after firing at 770°C). Overlaid lines 
denote modelling results. The inset shows ellipsometry data 

(symbols) and fitting results (lines) of the same sample.  

The crystallized SiCx layer was described with a 

combination of a Tauc-Lorentz model and of a Drude 

model. The former uses the parameters 𝑛∞ (refractive 

index), 𝐸𝑔 (bandgap), 𝐴 (amplitude), 𝐸 (resonance 

energy), and 𝐶 (damping constant), the latter uses the 

parameters 𝜔𝑝 (plasma frequency) and Γ (damping 

constant). Since we used symmetric samples, we 

constrained the seven parameters of the layer, and its 

thickness and its surface roughness to assume the same 

values on the front and on the rear.  

B. Dopant activation 

We determined a first guess for the free carrier density 

and the optical mobility from 𝜔𝑝 and Γ, respectively, 

using a value of 𝑚ℎ
𝑜𝑝𝑡

= 0.4 𝑚𝑒 for the optical 

effective mass [13], [14]. The value of the carrier 

density was then used to estimate the concentration 

profile of the induced accumulation layer for the 

lowest and highest carrier densities of our sample set. 

Even for the ideal assumption of zero trapped charge 

in the oxide layer and at its interfaces, the induced 

carrier density is less than 10% of the carrier density 

in the fired layer, and it decays to the bulk doping over 

a typical length-scale that is less than the thickness of 

the SiCx layer. Consequently, we decided to continue 

with the simple optical model rather than refining it 

with the contribution of the accumulation layer. 

 
Fig. 2: Optical mobility vs. carrier density of SiCx:B layers fired at 

different temperatures. Stars refer to undefined firing temperatures 

due to a calibration error. Arrows denote the saturation 
concentrations of B in Si at the indicated temperatures [15], the line 

illustrates the hole mobility limit due to ionised impurity scattering 

in Si [16]. 

Fig. 2 shows that increasing firing temperatures 

increase the carrier densities and decrease the optical 

mobilities. The temperature of the hydrogenation step 

does not show an influence, corroborating our 

assumption that it does not exceed the firing 

temperatures. For firing at 770°C and 800°C, the 

carrier densities show some scatter, but the respective 

upper limits agree well with the corresponding 

solubility limit of boron in bulk Si, marked by the 

black arrows above the abscissa [15], [17]. For 830°C 

the values scatter less, but they remain slightly below 

the solubility limit. Carrier density and mobility do not 

appear to depend on the type of tunnelling oxide, 

suggesting that the observed changes relate only to 

crystallisation of the films at the respective firing 

temperatures. 

The figure includes a set of samples for which a 

calibration issue resulted in low firing temperatures. 

Even though Raman measurements suggest that these 

samples contain a large amorphous fraction, they 

appear to continue a trend of increasing optical 

mobility for decreasing carrier density.  

Over the whole set of samples, the relation between 

optical mobility and carrier density resembles the 

behaviour of ionised impurity scattering, but the 

values in the crystallised layers are significantly lower 

than the limiting mobility of bulk silicon [16]. Since 
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all samples were prepared with the same mix of 

precursor gases, we conclude that a large ratio of 

dopants is inactive in the crystallised films, possibly 

by being incorporated into the amorphous matrix or at 

the surface of the crystallites. 

IV. CONTACT RESISTIVITY 

Fig. 3 shows the variation of contact resistivities with 

respect to the carrier density in the crystallised layers. 

Most of the samples fired at temperatures between 800 

and 830°C lie between 20 and 50 mΩcm2. For typical 

photocurrents and open circuit voltages in silicon solar 

cells, we can estimate that the corresponding losses in 

the fill factor are less than 0.3% relative for full area 

coverage [18]. There is no clear dependence of the 

measured contact resistivities on the type of interfacial 

oxide, but for high carrier densities the O3 oxides 

appear to appear to yield somewhat higher values than 

the HNO3 oxides. This would corroborate the finding 

that O3 oxides are denser and more stoichiometric than 

HNO3 oxides [19], [20]. 

Since we study p+/p/p+ structures we have to clarify the 

path of the current in the TLM measurement. To this 

end, we have to compare the wafer sheet resistance of 

ca. 100 Ω/square to the one of the crystallised layer. 

From the layer thickness of ca. 40 nm and the values 

of the carrier density and the optical mobility in Fig. 2 

we project sheet resistances above 1.5 kΩ/square, not 

yet taking into account additional resistance due to 

grain boundary scattering. Accordingly, the current 

transport between the TLM pads will take place almost 

entirely in the wafer. By the same line of argument we 

find that resistivity due to the transverse transport 

through the film is orders of magnitude below the 

values shown in Fig. 3. The contact resistivity 𝜌𝑐 is 

therefore described by a series connection of the 

Schottky junction at the SiCx/ITO interface and of the 

tunnelling junction at the wafer/SiOx/SiCx interface. 

The properties of these two junctions are discussed in 

the following two sections. 

A. Tunnel oxide junction 

The prevailing transport process of the tunnel-oxide 

junctions used in solar cells depends on the processing 

conditions; experimental evidence suggests transport 

through pinholes that form in the oxide for samples 

annealed at high temperatures and tunnelling through 

a continuous oxide layer for samples annealed with 

low thermal budget [21], [22]. For our samples we 

assume that the tunnelling process prevails since the 

firing temperatures did not exceed 830°C and lasted 

only for a few seconds.  

 
Fig. 3: Contact resistivity vs. carrier density, error bars denote the 

standard deviation over three samples. Dotted lines illustrate 
tunnelling transport across an oxide barrier for the shown extent of 

the band bending. Dashed lines illustrate the contact resistivity 

expected for thermionic field emission (TFE), using the shown 
values for the Schottky barrier. The full line illustrates the sum of 

both transport processes for intermediate parameters.  

Accordingly, in Fig. 3, we added characteristics 

expected for tunnelling junctions [23], using a 

thickness of 1.2 nm, 𝑚𝑡
𝑜𝑥 = 0.25 𝑚𝑒 for the tunnelling 

mass of holes in the oxide, and 4.8 eV for the barrier 

height [24], [22]. The shown characteristics vary in the 

extent of band bending that the crystallised layer 

induces across the oxide. The lower limit is zero (flat-

band condition), the upper limit represents the 

optimum case without charge in the oxide or at the 

interfaces. Our measurements fall between these 

extremes, but they are closer to the latter situation. 

B. Schottky junction 

We modelled the contribution of the Schottky junction 

for the cases of thermionic field emission (TFE) and 

pure field emission (FE) [25], using 𝑚ℎ
𝜎 = 0.66 𝑚𝑒 for 

the conductivity effective mass [26]. Fig. 3 shows that 

this would suggest barrier heights between 0.7 and 0.8 

eV for the samples with low carrier density. For 

intermediate carrier densities, an agreement between 

the TFE model and the measured values would require 

even higher barriers. In the region of the highest shown 

carrier densities the FE model should be applied, but it 

predicts 𝜌𝑐 values even lower than the TFE model.  

Fig. 3 includes a sum of the two contributions, using 

intermediate values for both transport parameters. To 

better clarify the underlying transport properties we 

measured the temperature dependence of 𝜌𝑐 for three 

different carrier densities as shown in Fig. 4. In the two 

samples with low doping 𝜌𝑐 decreases with increasing 
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temperature, for the most highly doped sample there is 

no systematic temperature dependence. Overlaid are 

modelled characteristics that sum the contribution of 

TFE with a barrier of 0.7 eV and TO transport. The 

band bending (BB) that enters the latter characteristic 

was changed to assume 60%, 90% and 100% of the 

ideal value for low, intermediate and high carrier 

densities, respectively. Whereas the measured 

temperature dependences are too low for pure TFE in 

all cases, a transition between TFE and TO could 

tentatively explain the behaviour of the samples with 

low carrier density whereas the sample with high 

carrier density appears to be dominated by TO 

transport.  

 
Fig. 4: Temperature dependence of selected samples with 𝑵𝑨 =
 2×1019 cm-3 (black squares), 3×1019 cm-3 (red circles), and 

5×1019 cm-3 (green triangles). Closed and open symbols refer to 

HNO3 and O3 oxides, respectively. Thin dashed and dotted lines 
illustrate the contributions by TFE and TO transport, respectively, 

the thick lines represent their sum.  

V. DISCUSSION 

The measurements presented in the previous section 

suggest that the contact resistivity of our samples is a 

combination of the tunnelling transport through the 

interfacial oxide between the wafer and the p-type 

SiCx layer, and of the Schottky barrier between the p-

type SiCx layer and the n-type ITO layer of the 

metallisation. In Fig. 5 we propose a band diagram that 

incorporates these findings.  

A. Tunnelling transport 

The tunnelling current depends on the properties of the 

barrier such as its width and its height, and on the 

supply function, i.e. the carrier density at the interface. 

The upper limit of the contact resistivity is thus 

associated with a case where the carrier density is 

equal to the bulk doping of the wafer, i.e. a flat-band 

condition. Lower contact resistivities are expected 

when the high carrier density of the crystallised layer 

can induce an accumulation layer across the oxide. 

Provided the oxide is thin enough to permit Fermi-

level alignment between the wafer and the fired layer, 

the band bending can be determined by solving the 

Poisson equation. The maximum extent of BB is then 

associated with the case where the oxide and the 

interfaces do not contain any trapped charge. For an 

oxide thickness of 1.2 nm, we find for our range of 

carrier densities that the upper limit of the BB varies 

from 130 to 160 meV. Fig. 3 shows that this 

assumption results in contact resistivities just below 

the best of our samples. Most of our data is centred 

around a model where the BB is reduced empirically 

to 80% of this limit and only the samples with low 

doping concentration exceed the characteristic 

corresponding to 60% of the BB. The simplest 

possibility to account for such a reduction in BB would 

be an interface charge due to trapping of holes in 

defect states at the interface between the wafer and the 

oxide. For a sample with a carrier density of 

5×1019 cm-3 in the crystallised layer, we estimate that 

the ideal band bending is ca. 0.155 eV and reductions 

to 80 and 60% would correspond to trapped charge 

densities of ca. 4×1011 and 6×1011 cm-2, respectively. 

These estimates are two to three times higher than 

typical 𝑄𝑖𝑡  reported for the Si/SiO2 interface [27], but 

considering that the cited values were measured on 

thick thermal oxides, our estimate for the low 

temperature oxides does not appear unreasonable.  

 
Fig. 5: Proposed band diagram for a fired p-type passivating rear 

contact.  

For a flat-band situation we can estimate an interface 

charge density of 1.7×1012 cm-2 by requiring a voltage 

drop of 0.21 V across the interfacial oxide. Recently, a 

case close to a flat-band condition with very high 

contact resistivity was reported for a junction very 
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similar to ours [22]. There are nevertheless several 

distinguishing aspects. First, the authors used a thicker 

interfacial layer of 1.7 nm. Second, they report a 

carrier density of 5×1019 cm-3 after annealing at 700°C 

which is about double the value we would expect from 

the saturation concentration of boron in silicon as 

shown in Fig. 2. Third, they use a dwell time of 30 min 

to obtain full crystallisation, but they do not comment 

whether they re-introduced hydrogen after the 

annealing. Finally, they used an Al metallisation 

whose Schottky barrier is likely lower than the one of 

our ITO contacts.  

B. Schottky barrier 

With an electron affinity of 4.05 eV and a bandgap of 

1.12 eV, the valence band (VB) of silicon is 5.17 eV 

below the vacuum level. For the range of carrier 

densities in our samples, the Fermi-level varies from a 

positon of – 15 meV within the gap to a degenerate 

condition of + 35 meV within the VB.  

Data on the work function of ITO scatters widely; 

values between 4.8 and 4.9 were reported in a study 

that covered the whole composition range between 

In2O3 and SnO2 [28], whereas values between 4.4 to 

4.5 eV were reported for an In/Sn ratio of ca. 6 with 

very little dependence on surface- or heat treatment 

[29]. For an In/Sn ratio of ca. 10, a systematic increase 

from 4.5 to 5.2 eV was reported for increasing oxygen 

partial pressure during deposition [30].  

Upon contact formation, a Schottky barrier of 0.75 eV 

would comply with the lowest ITO work functions of 

the cited range. However, the silicon surface is prone 

to the formation of surface defects [31] and interfacial 

states that give rise to Fermi-level pinning [32]. 

Moreover, it was reported that high values for the work 

function of ITO may be related to surface band 

bending rather than to changes in the bulk of the 

material [30]. Thus, the Schottky barrier implied by 

our contact resistivities might be the result of an 

interfacial dipole. It is also possible that the presence 

of an amorphous phase increases the contact resistivity 

by current crowding into the crystalline parts of the 

layer, especially in the samples with low carrier 

density.  

VI. APPLICATION 

We finish by briefly discussing the passivation that 

these contacts provide to the wafer surface. Fig. 6 

collects the implied open circuit voltage 𝑖𝑉𝑜𝑐  for all 

shown samples. Whereas the previous sections 

showed that type of interfacial oxide has no influence 

on the carrier density and the mobility, and only a 

minor impact on the contact resistivity, O3 grown 

oxides generally provide better passivation than HNO3 

oxides. In the best case we find an 𝑖𝑉𝑜𝑐  of 720 mV, the 

same sample has a contact resistivity of 90 mΩcm2 

which is still acceptable for a full area contact. We will 

report elsewhere on the fabrication of complete solar 

cells using a single firing step for the formation of a 

passivating SiCx rear contact and the contacting of a 

diffused emitter with SiNx:H anti-reflection coating at 

the front.  

 

Fig. 6: Implied Voc vs. carrier density. 

VII. CONCLUSIONS 

We presented a method to characterise the carrier 

density and the optical mobility in the layer stacks that 

are used for passivating contacts in silicon solar cells. 

Other than Hall measurements, our method can be 

applied to isotype junctions such boron doped films on 

p-type wafers. We found that the carrier density 

increases with the chosen firing temperature and that 

the attained values are consistent with the solubility 

limit at the respective temperatures. The mobilities 

decrease with increasing carrier density, reminiscent 

of ionised impurity scattering, but attaining values 

much below the bulk mobility limit for this scattering 

mechanism. Likely, the difference is due to the 

presence of inactive dopants and the effect of grain 

boundary scattering cannot be excluded, especially for 

the samples with low carrier density. We interpret the 

dependence of the contact resistivity on the carrier 

density as combination of thermionic field emission 

and of tunnelling transport. The former occurs 

between the crystallised layer and the metallisation 

and becomes relevant only at low carrier density. For 

our contacting procedure with ITO, we estimate a 

Schottky barrier of 0.75 eV. The latter occurs across 

the interfacial oxide between the wafer and the layer 

and dominates at high carrier density. By modelling 

2.0x1019 4.0x1019 6.0x1019
680

690

700

710

720

iV
o
c
 (

m
V

)

Carrier density (cm-3)

O3/SiCx     

undef. 

 770  

 800

 830

HNO3/SiCx

 undef.

 770  

 800

 830



the tunnelling transport, we can infer the band bending 

of the induced accumulation region and estimate that 

the areal density of charges trapped in the bulk or at 

the interfaces of the tunnelling oxide is in the low 

1011 cm-2. For contacts fired in the optimum regime 

between 800 and 830°C, we obtain contact resistivities 

between 20 and 50 mΩcm2 which are uncritical for the 

fill factor in silicon solar cells.  
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