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Abstract—In silicon heterojunction solar cells made with high-

lifetime wafers, resistive losses in the contacts dominate the total 

electrical power loss. Moreover, it is widely believed that the hole 

contact stack—a-Si:H(i)/a-Si:H(p)/ITO/Ag—is responsible for 

more of this power loss than the electron contact stack. In this 

paper, we vary the a-Si:H(i) layer thickness, the a-Si:H(p) layer 

thickness and doping, and the indium tin oxide (ITO) doping and 

determine the effect of each variation on the contact resistivity of 

the hole contact stack. In addition, we make complete solar cells 

with the same variations and correlate their series resistivity to the 

hole contact resistivity. We find that the contact resistivity is most 

sensitive to the thickness of the a-Si:H(i) layer and the oxygen 

partial pressure during ITO sputtering. Increasing the former 

from 4 to 16 nm results in a four-fold increase in contact resistivity, 

whereas increasing the latter from 0.14 to 0.85 mTorr raises the 

contact resistivity almost 30-fold. Optimized conditions produce a 

contact resistivity of 0.10 Ωcm2 while maintaining an implied 

open-circuit voltage of 720 mV measured on cell precursors, which 

is the lowest contact resistivity value reported in the literature for 

an a-Si:H hole contact. 

 
Index Terms—Amorphous silicon, carrier-selective contact, 

contact resistivity, passivating contact, silicon heterojunction, 

solar cell.  

I. INTRODUCTION 

P-type and n-type monocrystalline silicon wafers are now 

available with bulk lifetimes of greater than 1 ms [1, 2], and p-

type multicrystalline silicon wafers now reach lifetimes of 

approximately 200 µs after a firing or phosphorous gettering 

process [3-5]. With these advances, the largest impediment to 

high solar cell efficiencies has shifted from recombination 

losses in the absorber to recombination and resistive losses in 

the contacts. Recent research efforts have thus aimed to develop 

contacts for which—in the case of a hole contact—the voltage 

drop produced by the hole current across the hole contact is less 

than a few millivolts and the electron current towards the hole 

contact is negligible. As described by Wurfel et al., the former 
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ensures a high fill factor (FF) and the latter ensures a high open-

circuit voltage (Voc) [6].  

These conditions are realized when, as described by Cuevas 

et al., the contact is selective: it has a large asymmetry in the 

conductivities of the two carrier types, with a high conductivity 

for holes (in the case of a hole contact) [7]. Brendel and Peibst 

represented selectivity, S, in terms of experimentally 

measureable parameters:  𝑆 = 𝑣𝑡ℎ𝐽0𝑐 𝜌𝑐 

with vth the thermal voltage, J0c the contact recombination 

parameter, and ρc the contact resistivity [8]. J0c captures the 

conductivity of electrons to a hole contact (or, more generally, 

the minority carrier with respect to the contact polarity) and can 

be determined through lifetime measurements [9], while ρc 

captures the conductivity of holes (or, more generally, the 

majority carrier with respect to the contact polarity) and can be 

determined via transfer length method (TLM) measurements 

[10], circular transfer length method (CTLM) measurements 

[11], or the through-the-absorber measurement introduced by 

Cox and Strack [12].  

In their early work, Schroeder and Meier calculated that, for 

a silicon solar cell with a front contact area fraction of 5% and 

a front sheet resistance of 100 Ω/□, ρc must be less than 2 

mΩcm2 to keep the total power loss less than 0.5% [13]. For a 

contact that is full area, such as either contact in a typical 

amorphous silicon/crystalline silicon heterojunction (SHJ) 

solar cell, the conditions are more relaxed, allowing ρc as high 

as 83 mΩcm2 for the same power loss. While one might expect 

that a 20-fold increase in contact area would result in a 20-fold 

increase in allowable contact resistivity, current crowding 

becomes important for smaller contact fractions, distorting the 

expected proportionality. 

 Table I provides a non-exhaustive list of different contacts, 

both metal-to-diffused-emitter stacks and multi-layer 

heterojunction stacks, and their reported respective contact 

resistivities. Although heterocontacts tend to have lower J0c 

values than direct metal contacts, their corresponding ρc values 
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are 1–5 orders of magnitude higher, with the exception of the 

TiOx/Ca/Al and LiFx/Al electron contacts and the MoOx/Pd/Al 

hole contact.  

Interestingly, there are few reports analyzing the contact 

resistivity of SHJ heterocontacts, though they have been used 

to make silicon solar cells with efficiencies greater than 26% 

[14]. Gogolin et al. measured each of the resistive losses in SHJ 

cells except the contact resistance, and, by subtracting these 

from the total measured cell series resistance, determined that 

carrier transport through the amorphous silicon (a-Si:H) and 

across its interface with indium tin oxide (ITO) is responsible 

for the largest resistive loss [15]. Similarly, Lee et al. attempted 

to understand the resistive losses in SHJ contacts by creating 

test structures with one heterocontact and one Ohmic contact. 

The authors then subtracted the known component resistances, 

determined through similar test structures, from the total 

measured resistance. As seen in Table I, they obtained values 

of 0.38 and 0.37 Ωcm2 for the c-Si(n)/a-Si:H(i)/a-

Si:H(n)/ITO/Ag and c-Si(p)/a-Si:H(i)/a-Si:H(p)/ITO/Ag 

contacts, respectively, contradicting the notion that the hole 

contact—because of its position sandwiched between two low-

work-function n-type materials—is the most detrimental in SHJ 

cells [16-18].   

The most direct measurement of contact resistivities in SHJ 

solar cells came from Lachenal et al. [19]. Using TLM, these 

authors measured ρc = 0.14 and ρc = 0.24 Ωcm2 for electron and 

hole SHJ contacts, respectively, that were nominally the same 

as those investigated by Lee et al. Together, these accounted for 

just over 60% of the total series resistivity (0.62 Ωcm2) of a 

rear-emitter bifacial SHJ solar cell employing these contacts, as 

measured with the Suns-Voc technique [20].  

In this paper, we extend the analysis of Lachenal et al. by 

measuring the contact resistivity as a function of the a-Si:H and 

ITO layer parameters, and by correlating the resistivities with 

cell performance. Specifically, we quantify the contact 

resistivity of an a-Si:H(i)/a-Si:H(p)/ITO/Ag hole contact in SHJ 

cells through TLM and Suns-Voc measurements. We do this 

analysis as a function of the a-Si:H(i) thickness, the a-Si:H(p) 

thickness and doping gas flow during plasma-enhanced vapor 

deposition (PECVD), and the oxygen gas partial pressure 

during ITO sputtering. The results reveal the processing 

parameters to which SHJ cell series resistance is most sensitive. 

II. MATERIALS AND METHODS 

We made TLM structures to measure contact resistivity, and 

we made complementary SHJ cells to extract pseudo fill factor 

(pFF), FF, and series resistivity (Rs). As shown in Figure 1a, 

the TLM structures consisted of a p-type wafer, a symmetric 

full-area a-Si:H(i)/a-Si:H(p) stack, and an ITO/Ag TLM 

TABLE I 
 CONTACT RESISTIVITIES OF SELECT CONTACTS 

Contact type Contact test structure ρc (mΩcm2) Measurement technique 

Metal to diffused emitter 
 

c-Si(p)/c-Si(n+)/Ag paste [21] 1–2 TLM 

c-Si(p)/c-Si(n+)/Ni/Cu [22] 0.035 TLM 

c-Si(p)/c-Si(n+)/Ti/Pd/Ag [22] 0.073 TLM 

Electron heterocontact 
 

Al/Mg/c-Si(n)/MgOx/Al [23] 17.5 Cox and Strack 

c-Si(n)/a-Si:H(i)/Mg/Al [24] 
 

310 (w/ a-Si:H layer) Cox and Strack 
 220 (w/o a-Si:H layer) 

c-Si(n)/TiOx/Ca/Al [25] 5 Cox and Strack 

c-Si(n)/LiFx/Al [26] 2 TLM 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/TCO/Metal [16] 370 Indirect 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/Ti/Al [27] 30 CTLM 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/Ti/Cu [27] 10 CTLM 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/Ti/Pd/Ag [27] 10 CTLM 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/Al [27] 10 CTLM 

c-Si(n)/a-Si:H(i)/μc-Si:H(n)/ITO/Ag [28] 
 

47 (10˚C) TLM 
 36 (80˚C) 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag [28] 
 

448 (10˚C) TLM 
 55 (80˚C) 

c-Si(n)/a-Si:H(i)/a-Si:H(n)/ITO/Ag [19] 140 TLM 

c-Si(n)/a-Si:H(i)/BZO/Ag [29] 40 TLM 

c-Si(n)/a-Si:H(i)/TiOx/LiF/Al [30] 70 TLM 

c-Si(n)/LiF/Al [31] 26 TLM 

Hole heterocontact 
 

c-Si(p)/MoOx/Pd/Al [32]  
 

1 (p substrate) Cox and Strack 

0.2 (p+ substrate) TLM 

c-Si(p)/a-Si:H(i)/μc-Si:H(p)/ITO/Ag [28] 
 

600 (10˚C) TLM 
 170 (80˚C) 

c-Si(p)/a-Si:H(i)/a-Si:H(p)/ITO/Ag [28] 
 

1355 (10˚C) TLM 
 207 (80˚C) 

c-Si(p)/a-Si:H(i)/a-Si:H(p)/TCO/Metal [16] 380 Indirect 

c-Si(p)/a-Si:H(i)/a-Si:H(p)/ITO/Ag [19] 240 TLM 

c-Si(p)/CuOx:N/Pd/Ag [33, 34] 11 Cox and Strack 

Glass/PEDOT:PSS/Ag [35] 
28 

TLM 
790 
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pattern. As shown in Figure 1b, the cells consisted of an n-type 

wafer with the same rear hole contact as used for the TLM 

structures, but with full-area ITO and Ag layers, and with a 

front electron heterocontact.   

Boron- and phosphorous-doped Czochralski silicon wafers 
(156 mm pseudo-square) with resistivities of approximately 2 
and 3.8 Ωcm, respectively, were double-side textured in 
potassium hydroxide to a thickness of 180 μm. The wafers were 
subsequently cleaned in RCA-B solution for metals removal, 

Piranha solution for organics removal, and again in RCA-B 
solution for residual metals removal. They were then dipped in 
a 1:10 buffered oxide etch (BOE) solution for 1 minute to 
remove the native oxide on the surface, and subsequently put 
under vacuum for a-Si:H deposition.  

The a-Si:H layers were deposited using radio frequency (RF, 

13.56 MHz) PECVD in an Applied Materials P5000 tool. In any 
given experiment, a single parameter of one layer was varied 
and “standard” recipes were used for all other layers. Table II 
specifies the gas flow and thickness for the standard a-Si:H 
layers on textured wafers. Thickness measurements were 
performed on polished witness wafers and corrected for the 
additional area of textured surfaces. Note that for all recipes the 
chamber pressure was between 2 and 4 Torr and the substrate 
temperature was 250 °C. For the a-Si:H(i) thickness series, the 
deposition time was altered to achieve layers with thicknesses 

of 4 to 16 nm. For the a-Si:H(p) thickness series, the deposition 
time was altered to achieve layers with thicknesses of 3 to 13 
nm. For the a-Si:H(p) gas flow series, the 3% trimethylborane 
(TMB) in hydrogen flow was varied from 1 to 100 sccm (126 
to 8900 ppm of pure TMB); all concentrations reported 
hereafter are for pure TMB.  

ITO layers were sputtered in an MRC 944 tool using a DC 
source power of 1 kW and a 90/10 In2O3/SnO2 target. For the 
standard recipe, the chamber pressure was 7.1 mTorr with an 
oxygen partial pressure of 0.36 mTorr (all other gas was argon), 
and the thickness of the ITO layer in contact with the a-Si:H(p) 
layer was 160 nm on the textured surface. For the ITO oxygen 
concentration series, the oxygen flow was altered to arrive at 
oxygen partial pressures of 0.14 to 0.85 mTorr.  

 For the TLM structures, ITO and silver were sputtered 
through the same shadow mask without breaking vacuum to 
create TLM pads with spacings of 0.25 to 8 mm. The width of 
the pads was 2 mm and their length was 8 mm. After depositing 
the TLM pads, the wafers were annealed at 200 °C for 20 
minutes to simulate the curing process of the low-temperature 
silver paste in full cells. Three TLM patterns were then cleaved 
from each wafer with a diamond-tipped pen, with the 
dimensions of the cleaved wafer sections as similar as possible 
to the dimensions of the overall TLM patterns. In initial TLM 
measurements, we performed a current-voltage sweep across 
each set of contacts using four probes. To make the 
measurements quicker, we switched to measuring resistance on 
a digital multimeter with two probes after confirming that this 
method reproduced the results from the four-probe method. The 
plots of resistance versus pad spacing were linear for all data 
presented in this work. The reported contact resistivity values 
are average values from the three TLM patterns cleaved from 
the same wafer, and error bars represent the standard deviation. 

For the SHJ solar cells, the 75-nm-thick front ITO layer was 
sputtered through a shadow mask to define several 4 cm2 cells 
per wafer, and low-temperature silver paste was screen-printed 
to form electrode grids. Full-area ITO and silver layers were 
sputtered on the rear of the wafer to form the rear electrode. The 
cells were then annealed at 200 °C for 20 minutes to cure the 
silver paste. A Sinton FCT-450 flash tester was used to measure 
the current-voltage and Suns-Voc curves of each cell; these 
measurements used four probes and a 4 cm2 illumination mask. 
From these measurements, we calculated Rs by comparing the 
Suns-Voc curve with the current-voltage curve, as described by 
Sinton and Cuevas and elaborated by Pysch and Glunz  [20, 36]. 
The reported FF, pFF, and Rs values are average values from 
three cells on the same wafer, and error bars represent the 
standard deviation. 

III. RESULTS AND DISCUSSION 

A. a-Si:H(i) layer thickness 

Figure 2a shows that the SHJ cells studied here suffer from 

decreasing FF with a-Si:H(i) thickness beyond 4 nm, and 

Figures 2a and 2b reveal why: Although pFF improves by 1% 

absolute with the improved surface passivation, this is more 

than offset by the more than doubling of Rs from 1.19 to 2.75 

Ωcm2. Tanaka et al. similarly found that inserting a 4-nm-thick 

a-Si:H(i) layer between the c-Si wafer and a-Si:H(p) layer 

reduced surface recombination and resulted in an increase in FF 

 
Fig. 1. Schematics of (a) TLM structures used to extract contact resistivity 

and (b) complete solar cells used to measure series resistivity. 

 

Ag
ITO, 75 nm
a-Si:H(n), 4 nm
a-Si:H(i), 6 nm

a-Si:H(i), 4-16 nm
a-Si:H(p), 3-15 nm, 1-100

Cz c-Si(n), 180 μm

Ag
ITO, 160 nm, 0.1-0.9 mTorr O2

Ag
ITO, 160 nm, 0.1-0.9 mTorr O2

a-Si:H(i), 4-16 nm

Cz c-Si(p), 180 μm

a-Si:H(i), 4-16 nm

a-Si:H(p), 3-15 nm, 1-100

(a)

(b)

sccm TMB

sccm TMB

a-Si:H(p), 3-15 nm, 1-100
sccm TMB

TABLE II 
GAS FLOW AND THICKNESSES FOR STANDARD A-SI:H LAYERS 

 a-Si:H(i) a-Si:H(p) a-Si:H(n) 

SiH4 (sccm) 40 40 40 

H2 (sccm) 200 175 197 

3% TMB (sccm) – 18 – 

1% PH3 (sccm) – – 30 

Thickness (nm) 6 11 5 
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of approximately 0.8%, whereas further increases in the 

thickness caused FF to drop [37]. Holman et al. and Fujiwara 

and Kondo also found that a 4-nm-thick a-Si:H(i) layer 

produced the optimal cell efficiency, but these authors did not 

observe the same decreasing FF trend above this thickness [38, 

39]. 

The increase in series resistivity in Figure 2b is entirely 

attributable to the contact resistivity of the hole contact, which 

rises from 0.48 to 1.91 Ωcm2 over this a-Si:H(i) thickness range. 

This is apparent from Figure 2c, which shows that Rs−ρc 

remains constant. (Note that this difference remains between 

0.5 and 0.7 Ωcm2 for all experiments in this study, indicating 

the consistency of all sources of series resistance besides the 

hole contact stack.) The contact resistivity for the thinnest a-

Si:H(i) layer is twice that reported by Lachenal et al. [19] and 

approximately 1.2 times that reported by Lee et al. [16]. 

However, not shown in this plot are results from a duplicate 

TLM experiment (but without complementary solar cells) 

performed several weeks later that yielded the same contact 

resistivity trend as in Figure 2b but with all values lower by 

approximately 0.3 Ωcm2. The sample in that set with a 6-nm-

thick a-Si:H(i) had the same contact resistivity (0.23 Ωcm2) as 

that measured by Lachenal et al., within experimental error. 

This variation between nominally identical experiments 

performed several months apart was an early confirmation of 

what SHJ researchers intrinsically know and what is borne out 

in this work: the performance of SHJ contacts is sensitive to 

many processing parameters, and intimate control of the 

deposited layers is critical to avoid swings in FF between cell 

batches. In this particular case, we hypothesize that the 

variation was caused by a variation in oxygen gas flow while 

sputtering ITO across the several-weeks gap; Section IIIC 

reveals the sensitivity of contact resistivity to this parameter. 

A complete explanation of the trend presented here requires 

an analysis of conduction thorough the a-Si:H(i) layer, but the 

exact mechanism is still debated. Two important mechanisms 

that are commonly used to describe the transport are multi-

tunneling capture-emission (MTCE) [40] and diffusive 

transport similar to in a homojunction solar cell [41]. By 

performing transient capacitance measurements for multiple a-

Si:H(i) layer thicknesses, Page et al. showed that the dominant 

hole transport mechanism is field-driven MTCE [42], whereas 

Mikolasek et al. revealed that MTCE is important for layers less 

than 5 nm thick and its effect diminishes for thicker layers [43]. 

We expect that a tunneling-dominated current will lead to an 

exponential increase in the resistance with increased layer 

thickness, whereas a diffusion-dominated current will lead to a 

linear increase. There are insufficient data, however, to 

conclusively identify either mechanism in Figure 2. 

B. a-Si:H(p) layer thickness and doping 

Those studies that investigated the a-Si:H(i) layer thickness 

usually also investigated the a-Si:H(p) layer thickness, with 

varying results. Tanaka et al. reported a decrease in FF from 

73% to 70% with an increase in a-Si:H(p) thickness from 9 to 

40 nm for SHJ cells without an underlying a-Si:H(i) layer [37]. 

By contrast, in SHJ cells with a passivating a-Si:H(i) layer, 

Fujiwara and Kondo found that the FF remained relatively 

constant as a function of a-Si:H(p) layer thickness when the 

thickness exceeded 3 nm, below which the FF sharply 

decreased [38]. And Holman et al. found a different behavior  

yet, with FF increasing for thicknesses greater than the 3 nm 

threshold determined by Fujiwara and Kondo [39].  

A possible explanation for these discrepancies is variations in 

the doping density of the a-Si:H(p) layer, which was not 

reported by the authors. Bivour et al. demonstrated a 3% 

absolute increase in FF when the diborane doping gas 

concentration during a-Si:H(p) deposition was increased from 

1400 ppm to 4300 ppm (10-nm-thick a-Si:H(p) layer), revealing 

the importance of this parameter [44]. In subsequent 

simulations, the same authors predicted increasing FF for 

increasing a-Si:H(p) layer thicknesses up to 4 nm, followed by 

constant FF of approximately 84% for thicker layers, in 

agreement with Fujiwara and Kondo [38]. This was true only 

for a highly doped a-Si:H(p) layer with an assumed activation 

energy of 0.2 eV, however; for an activation energy of 0.4 eV, 

which represents quite light doping, the simulated FF decreased 

with a-Si:H(p) thickness to below 70%.  

Figure 3a shows that, in the cells fabricated here (which have 

the a-Si:H(p) layer on the rear, unlike in the aforementioned 

studies), the pFF remains constant, within experimental error, 

at 81.5% over the entire thickness range. Similar to Fujiwara 

and Kondo, the FF also remains relatively constant at 

approximately 78% for a-Si:H(p) layer thicknesses of 6 nm and 

greater, but drops to 76% for 3 nm. Figure 3b indicates that, as 

 
Fig. 2. SHJ solar cells and TLM structures with varying a-Si:H(i) layer 
thickness. (a) pFF and FF, (b) Rs and ρc, and (c) difference between Rs and 
ρc. The red dashed line is the average resistivity difference of all samples. 
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expected, Rs is constant for thicker layers, and that this occurs 

because ρc is constant. For the thinnest layer, however, ρc triples 

and the difference between Rs and ρc in Figure 3c becomes 

suspiciously small. We suspect that the poor performance of 

this cell is likely the result of the thin a-Si:H(p) layer being 

depleted by the adjacent ITO layer, which would increase its 

resistance to holes [45]. Kanevce and Metzger simulated a SHJ 

solar cell with an a-Si:H(p) doping of 3×1019 cm-3 and showed 

that a Voc approaching 700 mV is possible only with a thickness 

greater than 7 nm; thinner layers face depletion [46]. Although 

it is challenging to measure the hole density of a-Si:H(p), our 

previous simulations indicated that a density of 1–2×1019 cm-

3—corresponding to a reasonable dopant activation efficiency 

of approximately 1% [47], given a boron concentration of 

9×1020 cm-3 measured by secondary-ion mass spectrometry—is 

consistent with our measured contact resistivity for our standard 

layer [48, 49], and a-Si:H(p) layers with this density should then 

be depleted if they are less than 7 nm thick.  

Cells fabricated with (standard 11-nm-thick) a-Si:H(p) layers 

having varying doping density have approximately constant 

pFF of 81–82%, as seen in Figure 4a. The FF has quite a 

different trend: it increases up to a TMB gas concentration of 

2117 ppm, while a subsequent increase in the TMB gas 

concentration leads to a peculiar decrease that is inconsistent 

with increasing hole density. Both Rs and ρc mirror the FF 

(Figure 4b), with a nearly constant offset between the two 

except for at the highest TMB gas concentration (Figure 4c), 

confirming that the large swings in cell performance are 

attributable to the varying resistance of the hole contact. We 

suspect that depletion of the a-Si:H(p) layer at low TMB gas 

concentration is again responsible for the high resistivities.  

Noting the layer’s 11 nm thickness, we calculate that it should 

become depleted by the adjacent ITO for doping densities 

below 6×1018 cm-3. Given our earlier estimated doping density 

of 1–2×1019 cm-3 for our standard layer with a TMB 

concentration of 2117 ppm, and assuming slowly varying or 

unvarying dopant activation efficiency, this would mean that 

the a-Si:H(p) layer would become depleted for TMB 

concentrations below roughly 700–1400 ppm. Figure 4b 

indicates that this is the concentration range below which the 

contact and series resistivities rise, and thus the data is 

consistent with this depletion hypothesis.   

For TMB gas concentrations greater than 2117 ppm, the 

increase in ρc may be caused by dopant-induced defect 

formation that occurs at a faster rate than active dopant 

formation [50]. In the dopant-induced defect regime, the hole 

density, 𝑁ℎ𝑜𝑙𝑒 = 𝑁𝑑𝑜𝑝𝑎𝑛𝑡 − 𝑁𝑑𝑒𝑓𝑒𝑐𝑡, shrinks. Pysch et al. 

reported that the decreased hole density becomes evident when 

 
Fig. 3. SHJ solar cells and TLM structures with varying a-Si:H(p) layer 
thickness. (a) pFF and FF, (b) Rs and ρc, and (c) difference between Rs 

and ρc. The red dashed line is the average resistivity difference of the 
three thickest samples. 
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Fig. 4. SHJ solar cells and TLM structures with varying a-Si:H(p) TMB 
gas concentration. (a) pFF and FF, (b) Rs and ρc, and (c) difference 
between Rs and ρc. The red dashed line is the average resistivity difference 
of the four samples with the lowest concentration. Only one cell and TLM 
pad was measured for each condition in this experiment. 
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the diborane gas concentration exceeds 3,500 ppm, due to the 

increase in dangling-bond-like defects formed by heavy 

extrinsic doping [50]. Similarly, for the electron heterocontact, 

Korte et al. observed through constant-final-state yield 

spectroscopy that the Fermi level in a-Si:H(n) returns towards 

mid-gap when the phosphine gas concentration exceeds 20,000 

ppm, indicating that at high enough dopant density the electron 

density decreases [51]. A reduction in the hole density would 

facilitate the depletion of the a-Si:H(p) layer—again—leading 

to an increase in the contact resistivity of the stack.  

 

C. ITO doping 

Much of the experimental work on transparent conductive 

oxide (TCO) layers for SHJ solar cells focused on sheet 

resistance, contact resistivity between the metal and TCO, and 

free-carrier absorption, without regard to the layers’ role in the 
contact resistivity of the whole stack, and specifically its 

interaction with the underlying a-Si:H layers [39, 52, 53].  

However, the growing gap between pFF and FF in Figure 5a 

with varying oxygen partial pressure during ITO deposition 

reveals that this layer can have a dramatic influence on contact 

resistance. (Recall that the varied ITO layer is at the back of the 

cell and thus the accompanying change in its sheet resistance is 

unimportant; this is confirmed by Figure 5c, which shows that 

the non-ρc contributions to Rs are nearly the same for all cells, 

with only a minimal increase that may be statistically 

significant.) Bivour et al. observed a similar FF trend with 

increasing oxygen concentration, but they did not study the 

corresponding effect on ρc [54]. Both Rs and ρc mirror the FF, 

with a nearly constant offset (Figure 5b and 5c), indicating that 

the drastic changes in device performance arise from changes 

in the hole contact resistivity. Note that the contact resistivity 

of 0.10 Ωcm2 for the 0.14 mTorr sample is the lowest value that 

has been reported for the hole contact in SHJ solar cells. In fact, 

while the short-circuit current of these solar cells decreased 

slightly compared to the cells with higher oxygen partial 

pressure, the increase in FF, due to low ρc, provided a boost in 

efficiency (not shown). 

Increasing oxygen partial pressure during sputtering fills 

oxygen vacancies, reducing the electron density and enlarging 

the ITO work function [55, 56]. In simulation studies, 

Centurioni and Iencinella showed a 30% drop in FF when the 

TCO work function decreased from 5.1 to 4.75 eV [57], 

contrary to the trend in Figure 5a. Similarly, Bivour et al. found 

that heavily and moderately doped a-Si:H(p) layers required 

minimum TCO work functions of 4.7 and 5 eV, respectively to 

obtain reasonable FF [18]. However, both studies treated the 

TCO as a metallic layer and not as an n-type semiconductor. 

Our recent simulations showed that, to accurately recreate 

measured contact resistance trends, the ITO must be modelled 

as a semiconductor because the heavily doped a-Si:H(p) and 

ITO form a tunnel junction [48]. One hypothesis that is 

consistent with Figure 5, posed by Bivour et al. [54], postulates 

that increasing work function misaligns the a-Si:H(p) valence 

band and the ITO conduction band, suppressing band-to-band 

tunneling across the interface [46]. This, in turn, increases the 

resistance of the contact and reduces FF. In fact, Kirner et al. 

previously simulated and experimentally verified that a 

decrease in ITO doping results in decreased FF with S-shaped 

current–voltage curves, and they attributed this to suppression 

of the tunneling current across the a-Si:H(p)/ITO interface [58]. 

To further investigate the role of the a-Si:H(p)/ITO interface 

in the high contact resistivities in Figure 5b, we made similar 
TLM structures with a bilayer of ITO consisting of a 15-nm-
thick layer deposited with a low oxygen partial pressure of 0.14 
mTorr and a subsequent, 145-nm-thick capping layer with 
oxygen partial pressures between 0.14 and 0.85 mTorr. As 
shown in Figure 5b, regardless of the capping layer oxygen 

 
Fig. 6. Absolute change in contact resistivity as a function of the four 
parameters varied in this work. All variations are 33% of the standard 
process. 

-0.2 -0.1 0.0 0.1 0.2

ITO bilayer

6 sccm change

3.75 nm change

2 nm change

ITO O
2
 partial pressure

a-Si:H(i) thickness

a-Si:H(p) thickness

Change in contact resistivity (Wcm
2
)

TMB flow

0.12 mTorr change
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partial pressure, the contact resistivity of these samples was 
approximately 0.15 Ωcm2, indicating the importance of band 
alignment, and not necessarily low ITO work function, for 
transport across the a-Si:H(p)/ITO interface. These bilayers are 
expected to combine low contact resistivity with high infrared 
transparency—due to the high oxygen-partial-pressure layer 
used for the capping layer, which accounts for most of the ITO 
thickness—and may provide a unique opportunity to increase 
the short-circuit current of the cell without compromising FF. 

  

D. Processes that dominate contact resistivity 

Figure 6 shows which processes in the fabrication of the hole 
contact for SHJ solar cells most strongly influence the contact 
resistivity. The changes correspond to 33% variations above 
and below our standard processes outlined in Section II. 
Perturbations of this magnitude are typical when exploring the 
deposition parameter space to find an optimal process from a 
current baseline process. 

Although Figure 4 indicates that the TMB concentration can 

dramatically affect the contact resistivity, only an appreciable 

change from the standard process results in large excursions 

from the optimum value. Figure 6 thus reveals that the contact 

resistivity is least sensitive to TMB flow rate, of the parameters 

explored. In addition, unlike for the other parameters, variations 

from the optimal TMB concentration in either direction 

increase the contact resistivity, as our standard process lies at 

the minimum contact resistivity in Figure 4b.  

The a-Si:H(p) layer thickness matters little unless the 

thickness drops below 3 nm (Figure 3) which is not seen in 

Figure 6 because this thickness is not within the 33% 

perturbation. However, in the case of a front-hole-contact 

device, the best efficiencies are achieved with thinner a-Si:H(p) 

layers due to the reduced parasitic absorption of visible light 

[39].  

An increase in the a-Si:H(i) layer thickness of only 2 nm 

results in a contact resistivity increase of 0.14 Ωcm2, and a 

decrease of 2 nm results in a decrease of 0.07 Ωcm2. This may 

be significant for industrial PECVD systems where it is entirely 

possible to have a thickness variation of this magnitude across 

the chamber [59-61]. Because the change in contact resistivity 

is asymmetric with a-Si:H(i) thickness perturbation, it is wise—
from a contact resistance perspective—to err on the side of too 

thin. This, however, can result in poorer passivation and thus a 

loss in Voc. 

The largest detriment to the contact resistivity comes from 

varying the ITO partial pressure, with a large change in ρc 

resulting from a change in the oxygen partial pressure of only 

0.12 mTorr. Fortunately, for the sputtering tool used here, this 

variation corresponds to a 0.5 sccm change (out of 1.6 sccm) 

from the standard ITO oxygen gas flow. Although this is at the 

low end of the mass flow controller’s range and drifts over time 

may exceed this value, flow variations within a given 

deposition are typically within 0.1 sccm. The ITO bilayer 

dampens the sensitivity of ρc to oxygen partial pressure and thus 

offers an alternative approach to widen the ITO process 

window.  

IV. CONCLUSIONS 

We have revealed that the contact resistivity of the hole 

contact in SHJ solar cells, and thus the cell FF, is most strongly 

affected by changes in the oxygen partial pressure during ITO 

sputtering (except when a bilayer is used) and in a-Si:H(i) layer 

thickness. These processes should be closely monitored to 

maintain consistently high-efficiency SHJ cells. Through 

careful process control, we achieved a minimum hole contact 

resistivity of 0.10 Ωcm2. With unity contact fraction, this 

contact would cause near-negligible power loss in two-terminal 

tandem devices in which the current density is below 20 

mA/cm2, but it is still high enough to produce just over 0.5% 

power loss in single-junction silicon cells. 

One approach to further reduce the contact resistivity is to 

undertake a theoretical and experimental analysis of the 

transport physics, which will provide insight into the limiting 

transport mechanisms. In particular, simulations that treat ITO 

as a semiconductor can bolster or disprove our hypothesis that 

tunneling due to proper band alignment at the a-Si:H(p)/ITO 

interface is more important than a high work function in 

determining contact resistivity. And, if the band-alignment 

hypothesis is confirmed, subsequent simulations can predict the 

contact resistivities with other TCO materials and hole-

selective materials, after measuring their work function and 

electron affinity. Candidate TCO materials that may warrant 

study include boron-doped zinc oxide [62], with the favorable 

band alignment between its conduction band and the valence 

band of p-type microcrystalline silicon, and amorphous indium 

zinc oxide [63], for which cell FF trends are similar to those 

presented for our ITO, suggesting similar transport. Hole-

selective materials to be further  investigated include MoOx [32] 

and CuO:Nx [33, 64], both of which have a low contact 

resistivity to silicon with moderate surface passivation. Not to 

be forgotten, additional investigation into SHJ hole contacts and 

their resistivities should be accompanied by parallel 

investigation into SHJ electron contacts—which have not yet 

received the detailed resistivity analysis presented here—as 

further reduction in FF loss requires the minimization of both 

resistivities. 
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