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 Abstract — Solar modules are currently characterised at 

standard test conditions (STC), defined at 1000 W/m2 and 

25 °C. However, solar modules in actual outdoor 

operating conditions typically operate at lower 

illumination and higher temperature than STC, which 

significantly affects their performance ratio (average 

harvesting efficiency over efficiency in STC). Silicon 

heterojunction (SHJ) technology displays both good 

temperature coefficient and good low-illumination 

performances, leading to outstanding performance ratios. 

We investigate here SHJ solar cells that use a-SiCx(n) 

layer as front doped layer with different carbon contents 

under different climates conditions. Adding carbon 

increases transparency but also resistive losses at room 

temperature (compared to carbon-free layers), leading to 

a significant decrease in efficiency at STC. We 

demonstrate that despite this difference at STC, the 

difference in energy harvesting efficiency is much smaller 

in all investigated climates. Furthermore, we show that a 

relative gain of 0.4% to 0.8% in harvesting efficiency is 

possible by adding a certain content of carbon in the front 

(n) layer, compared to carbon-free cells optimised for 

STC. 

I. INTRODUCTION 

Solar cells and modules are generally characterised at—and 

thus optimised for—standard test conditions (STC), which 

correspond to a temperature of 25 °C and an illumination of 

1000 W/m2 with the AM1.5G spectrum. The power output 

under these test conditions leads to the Watt-peak rating that 

nowadays dictates the selling price of modules. However, 

these conditions very rarely correspond to the actual 

operating conditions of a module in the field, which typically 

operates at higher temperatures and/or lower illumination 

than STC [1]–[5]. The new IEC 61853-4 standard on module 

energy rating includes this perspective by requiring multiple 

temperature-illumination measurements [6]. This is 

illustrated in Fig. 1A-E which show the yearly produced 

energy for a typical installation as a function of the operating 

conditions. The conditions follow from the different climates 

at the different locations shown in Fig. 1F. These maps are 

further explained in the discussion, but two important 

observations should be highlighted: 

1) STC is not a representative operating condition set 

in any climate, as, over a year, almost no energy is 

generated at this particular condition. 

2) In different climates, the energy is harvested under 

different conditions, yet most of the relevant 

conditions correspond to either higher temperature 

than STC or lower irradiance (or both). 

Such changes of operating conditions have implications on 

the solar cell performances. To take field conditions into 

account, we define the harvesting efficiency (ηharvesting) as the 

yearly produced energy divided by the cumulated in-plane 

irradiance: 

ηharvesting [%] =
Energy produced [W h / 𝑚2]

In-plane irradiance [W h / 𝑚2]
 (Eq. 1) 

The performance ratio, commonly used to characterise a 

module in a specific climate, is defined as the harvesting 

efficiency in a given climate divided by the STC efficiency 

[7]. All silicon solar cells are subject to a fundamental 

efficiency decrease upon increasing temperature, at a rate 

defined as the temperature coefficient (TC) [2], [8]. As 

shown in [9], series resistance can also have an impact on the 

TC of solar modules. This efficiency decrease is mainly 

driven by the increasing intrinsic carrier concentration, 

leading to lower operating voltage that is not balanced by the 

slightly increasing current. The general approach to 

maximise the efficiency at high temperature is to maximise 

the efficiency at STC and minimize TC. One way to achieve 

the latter is to increase the solar cell’s Voc, as described by 

the relation proposed by Green et al. [10]: 

𝑇𝐶𝑉𝑜𝑐 = −

𝐸𝑔0
𝑆𝑖

𝑞
− 𝑉𝑜𝑐

𝑆𝑇𝐶 + 𝛾𝑘𝑇

𝑇
 

(Eq. 2) 

The requirement for a high Voc makes the SHJ technology 

one of the most interesting candidates for hot climate 

operation [11], [12], thanks to the excellent surface 

passivation provided by the thin intrinsic hydrogenated 

amorphous silicon layers (a-Si(i)) yielding Voc values above 

730 mV and resulting in TCη in the range of -0.23 to -0.29 % 

K-1 [13], [14], the differences being linked in parts to the 

phenomena described further below. SHJ solar cell 

technology was already demonstrated to be more efficient in 

hot climates than equivalent-STC-efficiency modules with 

other types of silicon-based cells [9].  

Another specificity of SHJ cells is the presence of non-Ohmic 

resistances that hinder both the collection of electrons and 

holes towards their respective electrodes. These resistances 

are typically attributed to energy barriers in the form of band 

offsets at the c-Si / a-Si interface and Schottky barrier at the 

a-Si / transparent conductive oxide (TCO) interface [15]–

[18]. It was shown that the charge transport through these 

barriers is thermally activated [19]. Additionally, the 

resistivity of the a-Si layers decreases with increasing 

temperature [20]. These effects result in a non-linear FF 

behaviour with respect to the temperature. When cooling the 
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solar cell, FF stops linearly increasing at a certain 

temperature, eventually leading to a FF maximum and a 

subsequent decrease at low temperature [19], [21]–[23]. 

Many SHJ solar cells suffer from such thermally-activated Rs 

already at 25 °C, typically leading to a modest FF below 80% 

which was for long a ceiling value [24]–[26]. In more severe 

cases, S-shaped current-voltage (IV) can be observed, which 

highlight that thermally activated RS components are often 

non-Ohmic [27]–[29]. When present, these thermally 

activated RS components usually decrease upon increasing 

temperature. This leads to an increased FF with higher 

temperature, which results in a further improved TCη for SHJ 

compared to standard technologies as discussed in [9], [30]. 

Some studies aimed at solar cell architectures leading to 

larger current at the expense of a lower FF at 25°C, with a FF 

benefitting from thermally activated Rs at higher temperature 

[17], [30]. Seif et al. added oxygen in the front a-Si(i) layer 

to obtain a wider bandgap and mitigate parasitic absorption, 

leading to a current increase [31]. The wider bandgap of the 

intrinsic layer was however accompanied by a large increase 

of the c-Si/a-SiO valence band offset and larger resistive 

losses upon hole extraction. The resulting FF loss was shown 

to be mitigated by increasing the temperature, while the 

benefit of the larger current was preserved. A higher 

efficiency for the cell incorporating minutes amounts of 

oxygen in the a-Si(i) layer was thus demonstrated above 50 

°C. A similar observation was made in cells using a MoOx 

layer as transparent hole selective contact instead of a (p) 

doped layer [29]. A similar approach was followed by 

Haschke et al. [32], using rear-junction devices with an n-

doped nanocrystalline silicon oxide (nc-SiO(n)) front layer. 

Similarly, the modified cells benefitted from a current 

increase (up to 41 mA/cm2 at STC) yet a FF drop. The latter 

was mitigated at 60 °C, yet not sufficiently to yield an 

efficiency improvement, and the cells with a nc-SiO(n) layer 

showed an overall lower efficiency also at 60 °C.  

In the present study, we go one step further and investigate 

not only the efficiency at various temperatures under 1-sun 

illumination, but compare yearly energy harvesting 

efficiencies in different climates, thus accounting for both 

temperature and illumination intensity. To highlight the 

efficiency shift as a function of temperature and illumination, 

we use cells with various concentrations of carbon in the front 

(n)-doped layer. Adding carbon results in a bandgap 

widening, yielding a higher transparency but hampers charge 

extraction. Although this is shown to result in an overall 

performance decrease at STC, the higher operating 

temperature and/or lower irradiance during operation makes 

the solar cell incorporating carbon outperform the carbon-

free solar cell in terms of yearly harvesting efficiency in all 

considered climates. 

 

 

II. EXPERIMENTAL DETAILS 

The solar cells presented in this study were all fabricated 

using float-zone, 180-µm-thick, n-type (2 Ωcm) silicon 

wafers, textured by alkaline etching. Before the a-Si layers 

deposition, an HF solution was used to remove native oxide 

Fig. 2: a) Scheme of a typical rear-junction SHJ cell. b) Absorptance of 

the three investigated (n) doped layers in the visible range. 

Fig. 1: a-e) Yearly produced energy as a function of the module temperature and illumination in different locations. The STC is indicated with 

a red star and the white dot represents the mean operating conditions weighted with the produced energy. f) Map of the locations used in this 
study. 
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from the surfaces. The a-Si layers were deposited in a 

plasma-enhanced chemical vapour deposition (PECVD) 

reactor. For the carbide n-type layers, CH4 was added to the 

gas mixture composed of SiH4, H2 and PH3. Methane to 

silane ratio of 0, 0.4 and 1 were used for the samples 

presented below, referred respectively as carbon-free 

(reference), low-carbon and high-carbon.  

ITO layers and rear silver metallisation were deposited by 

magnetron sputtering. The front metallisation was made of 

screen printed silver paste cured at 210 °C for 30 minutes. 

Five 2x2 cm2 cells were made on each wafer. Additional 

details on the fabrication process can be found in ref. [31]. 

After the cell metallization, current-voltage IV characteristics 

were measured at STC (25 °C, 1000 W/m2 AM1.5G 

spectrum) using a class AAA standard solar simulator. 

Additional IV measurements from 15 °C to 80 °C with 5 °C 

steps were performed using LED and halogen based solar 

simulator equipped with a thermoelectric holder and a PT100 

temperature probe. For each of the 14 temperature steps, an 

IV curve was measured at 8 different light intensities, 

calibrated with a reference cell (the measurement conditions 

are shown in Fig. 4). The measurement uncertainty was 

probed by 25 successive measurements using a reference 

sample following the full measurement process each time 

(including removing and placing back the sample on the 

measurement setup), in the same conditions as the actual 

measurements presented in this study. For measurements 

performed on the same day (as was the case in this study), the 

incertitude of temperature and lights intensity are measured 

to be well below 1 °C and 10 W/m2, respectively. The 

standard deviation of the IV parameters are the following: 

efficiency – 0.033 %absolute, Voc – 0.075 mV, FF – 

0.078%absolute, Jsc – 0.047 mA/cm2. 

The extensive measurement ranges enable to plot maps of the 

device efficiency as a function of temperature and irradiance 

(see Fig. 4). These maps were then used together with 

weather data to simulate the harvesting efficiency expected 

in various locations. The heat source (Q) in the device was 

calculated as the fraction of the spectrally resolved incident 

absorbed irradiance (calculated using SunSolveTM from 

PVlighthouse [33]) minus the electrically produced power. 

Note that an iterative calculation was employed since PV 

conversion efficiency varies with temperature via the so-

called temperature coefficient. The device temperature was 

calculated using the ambient temperature (Tamb), heat transfer 

coefficients (u0, u1) based on outdoor measurements taken 

from ref. [34], and as a function of the wind velocity (vw) [2]: 

𝑇𝑚𝑜𝑑𝑢𝑙𝑒 = 𝑇𝑎𝑚𝑏 +
𝑄

𝑢
 (Eq. 3) 

With 𝑢 = 𝑢0 + 𝑢1𝑣𝑤, the global heat transfer coefficient that 

accounts for all the heat transfer mechanisms. The produced 

power was calculated in 1-hour-intervals over a complete 

year. The median of the operating conditions, weighted by 

the produced energy, is defined as the condition for which 

half of the harvested energy is produced at higher 

temperature, half at lower temperature, half at higher 

illumination and half at lower illumination (shown as white 

dots in Fig. 1a-e). More details on the modelling framework 

can be found in [35]. Energy harvesting simulations were 

carried out in the locations shown in Fig. 1, representing 

different climatic conditions. 

III. RESULTS & DISCUSSION 

A) Solar cell efficiency in various conditions 

Fig. 3 shows IV characteristics of the cells with different 

carbon content in the front doped layer, at STC and for the 

same illumination, but at a temperature of 60 °C. At STC, the 

cells with high carbon content show a slightly larger Voc than 

the other two (i.e. carbon-free and low-carbon ones), yet this 

difference is quite small and could be linked to the fluctuation 

in the passivation quality. Then, the sample incorporating 

low (respectively high) carbon concentration shows a 0.5 

mA/cm2 (respectively 0.8 mA/cm2) current gain compared to 

the reference cell, thanks to the more transparent a-SiC(n) 

layer. This higher transparency can also be measured by 

spectrometry of layers co-deposited on glass (Fig. 2) and 

originates from a wider bandgap [36]–[38]. However the 

incorporation of carbon leads to a FF reduction through an 

Fig. 4: Measured efficiency map as a function of the temperature and illumination for cells with different carbon concentration in the front (n) 
layer. Each black dot represents one of the 9x14 measurement conditions for each sample. 

 

Fig. 3: IV characteristics of cells with various carbon content in the 
front (n) layer at 25°C and 60°C under 1-sun illumination. 
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increase of the Rs. This could possibly be caused by a larger 

conduction band offset or by a larger layer bulk resistivity 

[39]–[42]. At 25 °C, this higher resistance leads to a 

2.5%absolute (respectively 7.1 %absolute) FF loss compared to the 

reference sample. These competing effects lead to an 

efficiency 0.3%absolute (respectively 1.4%absolute) lower.  

When measuring the solar cell at 60 °C, Voc is lower and Jsc 

has increased similarly for all samples, as would be expected 

from classical solar cell theory [43], thus not changing the 

trends between samples. Yet, the FF of all devices does not 

follow the Voc-driven decrease as known from homojunction 

solar cells; either it does not change (for the carbon-free cell) 

or it even increases (for cells incorporating carbon). This 

stems from the presence of thermally activated resistances to 

charge extraction in these devices, as discussed in the 

introduction. As a result, the loss of FF associated to carbon 

incorporation is much lower at 60 °C than 25 °C. The FF of 

the low carbon (respectively high carbon) device is only 

0.9%absolute (respectively 2.9%absolute) lower than the reference 

cell. This leads to an efficiency gain of 0.1%absolute 

(respectively a loss of -0.1%absolute) at 60 °C compared to the 

reference for the low-carbon (resp. high-carbon) samples. We 

focus in the following on the efficiency only and investigate 

mainly the effect of irradiances and temperatures of 

operation. 

Fig. 4 shows the efficiency maps for the three devices 

measured at various operating temperatures and illumination 

intensities. The operating condition yielding the highest 

efficiency is shifting towards lower illumination and higher 

temperature upon carbon incorporation, as expected from the 

presence of aforementioned thermally activated transport 

barriers: Increasing temperature reduces the absolute value of 

Rs, whereas decreasing illumination decreases the impact of 

Rs due to the increase of the impedance at the maximum 

power point [9]. Furthermore, since the current gain 

originating from the more transparent front layer stands at 

any temperature and illumination, the efficiency of the cells 

with carbon in the front (n) layer exceeds the one of the 

reference cell at high-enough temperature or low-enough 

illumination. 

Fig. 5 further illustrates the difference between the various 

architectures: Fig. 5a shows an irradiance-temperature map 

of the subtraction between the efficiency of the carbon-free 

and the low-carbon samples, whereas Fig. 5c-e (resp. Figs. 

Fig. 5: a,b) Efficiency difference between the carbon-free cell and the cell with low carbon content (n) layer (the inset in b shows the difference 

with the high carbon content) as a function of the operating conditions. In the red zones, the low-carbon cell is more efficient than the carbon 
free cell. The STC condition is highlighted with a red star and the white dots are the energy-weighted median operating conditions of the 

different studied locations. c-e) Efficiency as a function of the illumination for different temperatures. f-i) Efficiency as a function of the 

temperature for different illumination. 
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5f-i) show efficiency values of the three samples at given 

temperatures (resp. illuminations intensities). These views 

are indicative of the range for which a given carbon 

concentration in the (n) layer yields a better efficiency than 

the other one. For example, Fig. 5f shows that at 1000 W/m2 

(corresponding to 1 sun), the low-carbon cell efficiency 

exceeds the reference-cell efficiency for temperatures over 

50 °C, whereas at 400 W/m2 (Fig. 5h), the crossover occurs 

at 20 °C already. This lowering of the crossover temperature 

highlights that, especially in the case of heterojunction 

devices, the operating condition can change the hierarchy of 

efficiency between devices employing different contact 

layers. 

Back to Fig. 5a, the upper-left corner of the measurement 

window (low temperature and high illumination) corresponds 

to conditions for which the carbon-free cell is more efficient 

as the low-carbon cell suffers from its higher Rs. However, 

this difference is reduced both by a lower illumination or a 

higher temperature, reaching a limit where the cells are 

equivalent (white areas in Fig. 5a). At these points, the 

resistive losses in the sample with carbon are compensated 

by the larger current. Reducing further the illumination 

intensity or increasing further the temperature, the low-

carbon sample shows increasingly better efficiency than the 

reference cell. When comparing the carbon-free to the high-

carbon cell (as shown in Fig. 5b), this trend is further 

amplified, shifting the equivalent-efficiency-line towards 

lower illumination and higher temperature. Thus, the 

efficiency gain at low illumination and high temperature is 

even larger than that recorded for the low carbon cell. Note 

that there is not always a crossover point (or at least not for 

field-relevant conditions), since the addition of oxygen in the 

film in lieu of carbon yielded a systematic decrease of 

performance for all field-relevant temperature-illumination 

couples.  

 

B) Harvesting efficiency calculations 

In view of the different behaviour of the efficiency with 

respect to the temperature and illumination for the various 

cell architectures, we calculated the total yearly average 

efficiency, or harvesting efficiency (cf. (Eq. 1)) output of the 

three investigated samples, in the climates mentioned above 

to allow a relevant comparison of their respective potential 

for electricity generation. These results are shown in Fig. 6: 

the sample with a low-carbon content, despite its lower 

efficiency at STC, produces more energy in all the considered 

climates. This harvesting efficiency difference is larger in the 

hot climates, reaching +0.8%relative in Qatar. Interestingly, the 

low-carbon cell in moderate climates also shows a gain of 

about +0.5%relative, this time originating from the low 

illumination compared to STC. The sample with the high-

carbon (n) layer is less efficient than the carbon-free sample 

in the moderate climates due to the resistive losses at low 

temperature. However, in very hot climates such as Qatar, a 

gain is observed compared to the reference similarly to the 

low-carbon samples. Thus, within the investigated 

conditions, the larger the carbon content is, the lower the STC 

efficiency is, but also the larger performance ratio is (Fig. 6c) 

[44]. This overall results in similar harvesting efficiencies in 

outdoor conditions, confirming that STC efficiency values 

can be misleading if the performance ratio is not considered. 

Finally, it is worth noting that the yearly-integrated 

harvesting efficiency differs from the cell efficiency at the 

weighted median operating conditions. Using the median 

conditions for cell optimisation is thus more realistic than 

considering solely STC conditions, however the integration 

over the whole data is still needed for an accurate estimation 

of the harvesting efficiency. For a rapid estimation of an 

outdoor cell performance without computing the climatic 

data integration, an illumination of 700 W/m2 and a 

temperature of 37 °C (corresponding to the global mean 

operating conditions of all considered climates) can be used, 

as shown in Fig. 6.  

 

IV. CONCLUSION 

We compared the performance of silicon heterojunction solar 

cells using different carbon concentrations in the front (n) 

layer, leading to higher transparency but also higher resistive 

losses. We discuss the efficiency at different operating 

conditions, and harvesting efficiency in various climates. We 

evidence that the mean operating conditions of a solar 

module in real outdoor situations do not match STC and are 

shifted to lower illumination for all the investigated climates, 

and to usually higher temperature, particularly in hot 

climates. At STC, the resistive losses outweigh the optical 

gains, making the carbon-free cell the most efficient one. 

Upon increasing temperature or decreasing illumination, the 

optimum shifts towards the incorporation of carbon in the (n) 

layer. As a result, the device with a little carbon incorporation 

outperforms the reference device in all considered climates 

thanks to its larger harvesting efficiency. In moderate 

climates such as Scotland, a 0.5%relative efficiency gain is 

observed which reached 0.8%relative in arid climates such as 

Qatar. These trends could not have been deduced from STC 

measurements, yet a measurement at a more realistic average 

operating condition at 37 °C and 700 W/m2 (corresponding 

to the global mean operating conditions of all considered 

climates) would have hinted towards them. This highlights 

the need to calculate harvesting efficiencies in various 

climates when comparing solar cell designs. 
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