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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The scope of this paper lies on the phenomenon of free-carrier absorption (FCA) in heavily phosphorus-doped poly-Si layers, 
applied at solar cells featuring poly-Si/SiOx passivating contacts at the rear. Firstly, FCA is investigated on test structures 
featuring poly-Si contacts of different thickness and doping level. Secondly, these passivating contacts are integrated into the rear 
of solar cells featuring a boron-diffused emitter at the front. The infrared (IR) response of the solar cells is analyzed and FCA 
losses are quantified. In agreement with theory, it is shown that Jsc losses due to FCA increase with poly-Si doping level and 
thickness. For instance, a total Jsc loss of ~0.5 mA/cm² is obtained for a 145 nm thick poly-Si layer with a doping concentration 
of 1.9x1020 cm-3. 
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1. Introduction 

Carrier-selective and passivating contacts can be ascribed a key role in improving the efficiency of crystalline 
silicon solar cells [1-5]. Recently, researchers at Kaneka achieved a new world-record of 26.6% efficiency by 
integrating the a-Si:H/c-Si heterojunction (HJT) into an IBC solar cell structure. Apart from that, passivating 
contacts which are based on an ultrathin SiOx layer and a heavily-doped silicon film (e.g. poly-Si [6-9], SIPOS, or 
TOPCon [5]) have become an appealing alternative to heterojunction solar cells. This technology not only reduces 
minority carrier recombination to a level almost similar to HJT but also offers a higher tolerance to high-temperature 
processes, such as diffusion and firing [10, 11]. Hence, such passivating contacts hold the promise of a more cost-
effective back-end process sequence. 
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Carrier-selective and passivating contacts can be ascribed a key role in improving the efficiency of crystalline 
silicon solar cells [1-5]. Recently, researchers at Kaneka achieved a new world-record of 26.6% efficiency by 
integrating the a-Si:H/c-Si heterojunction (HJT) into an IBC solar cell structure. Apart from that, passivating 
contacts which are based on an ultrathin SiOx layer and a heavily-doped silicon film (e.g. poly-Si [6-9], SIPOS, or 
TOPCon [5]) have become an appealing alternative to heterojunction solar cells. This technology not only reduces 
minority carrier recombination to a level almost similar to HJT but also offers a higher tolerance to high-temperature 
processes, such as diffusion and firing [10, 11]. Hence, such passivating contacts hold the promise of a more cost-
effective back-end process sequence. 
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While there are plenty of papers dealing with the electrical properties of passivating contacts, such as surface 
passivation and contact resistivity, few papers deal with their optical properties. It has been shown that the 
absorption coefficient α of poly-Si resembles c-Si [12] and, thus, is lower than α of a-Si. Nevertheless, poly-Si 
contacts at the front side of a solar cell absorb about 0.5 mA/cm²/10 nm poly-Si [13]. By placing the passivating 
contact solely on the rear and using a homojunction at the front, parasitic absorption losses in the blue wavelength 
regime are avoided. Still the red response of the solar cell is affected by parasitic absorption losses, which separate 
into free carrier absorption (FCA) in poly-Si and absorption by the metal contact. On a lab scale, an efficiency of up 
to 25.7% has been achieved [14]. A first attempt to fabricate a comparable solar cell using industry-proven 
techniques resulted in an efficiency of 20.7% [10]. Among other losses, one significant loss was ascribed to FCA in 
the 200 nm thick, heavily P-doped poly-Si films at the rear. 

Although, the absorption of infrared (IR) light due to FCA has been extensively studied for c-Si [15-17], the 
effect of poly-Si doping level and thickness has not been studied on solar cells yet. This paper addresses the optical 
and electrical characterization of n-type poly-Si/SiOx contacts. Firstly, surface passivation of the poly-Si contacts is 
studied as a function of doping level and poly-Si thickness. Secondly, FCA coefficient is determined from 
spectrophotometer measurements. Finally, solar cells with poly-Si/SiOx rear contact are shown and the impact of 
FCA is revealed. 

2. Experimental details 

2.1. Preparation and characterization of test structures 

Symmetrical lifetime samples featuring different passivating contacts were realized on planar, (100) oriented 
n-type 1 Ωcm wafers. The following contact configurations were realized: 

 
1) 35 nm poly-Si with ND = 5.5x1019 cm-3

 ([P] = 1.5x1015 cm-2) 
2) 90 nm poly-Si with ND = 1.19x1020 cm-3 ([P] = 3x1015 cm-2) 
3) 145 nm poly-Si with ND = 1.29x1020 cm-3 ([P] = 4x1015 cm-2) 
4) 145 nm poly-Si with ND = 1.67x1020 cm-3 ([P] = 5x1015 cm-2) 
5) 145 nm poly-Si with ND = 1.90x1020 cm-3 ([P] = 6x1015 cm-2) 
 

To this end, the wafers were cleaned according to the RCA procedure and a thin oxide layer was grown in boiling 
nitric acid. The poly-Si contacts were fabricated by low-pressure chemical vapor deposition (LPCVD) of intrinsic 
amorphous silicon and subsequently ion implantation of phosphorus (P) was performed. The ion dose and 
implantation energy were adjusted to the individual layer thicknesses. All wafers were then annealed at 850 °C for 
30 min and finalized by a hydrogen passivation step at 425 °C for 25 min (RPHP [18]). 

2.2. Preparation of solar cells and test structures 

2x2 cm² solar cells were realized on n-type 1 Ωcm wafers with a thickness of 200 µm. The cells feature a 
homogeneous 150 Ω/sq boron emitter at the front which is well passivated by a stack of Al2O3 and SiNx. At the rear 
passivating contacts as described in Sec. 2.1 were realized. Moreover, for the reference solar cells TOPCon featuring 
the same tunnel oxide layer but a PECVD SiC(n) layer was formed at the rear. Upon the high-temperature anneal the 
LPCVD a-Si films turned poly-crystalline while the a-SiC film remained amorphous as outlined in Ref. [19]. It 
should be noted that the poly-Si films had to be removed from the front by reactive ion etching as the LPCVD 
process always coats both sides of the wafer, in contrast to the PECVD TOPCon approach, which is strictly single 
sided. 

The cells received an H-pattern grid on the front by means of thermal evaporation of Ti, Pd, and Ag and the lift-
off technique. The contact fraction was about 1% and the shading due to the front metallization was ~1.1%. 
Thereafter, the solar cells were subjected to a hydrogenation process (RPHP) at 425 °C for 25 min. Finally, the rear 
side was metallized by thermal evaporation of Ag which makes a good contact and, more importantly, ensures a 
very high rear reflection. 
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2.3. Characterization 

The surface passivation was measured on the symmetric lifetime samples using a Sinton WCT-120 lifetime tester 
[20]. The doping profiles were taken with the WEP CVP21 ECV profiler. It is commonly observed that the doping 
profile measured by ECV suggests a lower thickness than the real poly-Si thickness. This is likely due to the effect 
that some silicon ions react with the electrolyte and gaseous H2 is released. Thereby, the etch current (etch rate) is 
underestimated but this effect can be accounted for by a valency correction (3.77 is commonly used for c-Si). In this 
experiment the depth of the doping profile of the poly-Si layer was expanded to the poly-Si thickness measured by 
spectroscopic ellipsometry. The used valency correction was in the range of 2.64-2.79. 

For the determination of the free-carrier absorption, reflection and transmission was measured on the lifetime 
samples using a UV/Vis spectrophotometer. The measurement range was 1000 to 1500 nm with a step size of 2 nm. 
The FCA absorption was determined after the method described in Ref. [15]. 

The light I-V curves of the solar cells were taken in-house. Moreover, the pFF values were taken with a Sinton 
SunsVoc setup [21]. The quantum efficiencies and reflection of the solar cells was measured using the pv-tools 
LOANA setup. The step size was 10 nm.  

 

Fig 1. Schematic cross-section of the n-type Si solar cell with diffused front boron-doped emitter and full-area passivating rear contact 
(TOPCon or poly-Si). 

3. Results 

3.1. Surface passivation by poly-Si/SiOx contacts 

Fig. 2 plots the implied open-circuit voltages (iVoc) and implied fill factor (iFF) values of the different poly-
Si/SiOx contacts measured after high-temperature anneal and hydrogen passivation process. The iVoc values were in 
the range of 724-731 mV for all samples except for the 145 nm thick poly-Si contact featuring the highest doping 
level ([P] = 6x1015 cm-2) . The latter showed a lower iVoc value of about 715 mV. Moreover, the iFF values ranged 
from 85.1% to 86.6%. This underlines that all passivating contacts with the exception of the poly-Si/SiOx contact 
having the highest doping level showed an excellent surface passivation at open-circuit and maximum power point 
conditions. In summary, a recombination prefactor J0 as low as 2 fA/cm² was obtained by the 145 nm thick poly-Si 
contact having received a P dose of 4x1015 cm-2. In turn, the highest J0 value of 9 fA/cm² was obtained for the poly-
Si contact with the highest doping level. 
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Fig. 2. Mean iVoc  and iFF of n-type poly-Si/SiOx passivating contacts. The respective poly-Si thickness and P implantation dose are given. 

3.2. Dopant profiles of poly-Si contacts and free carrier absorption 

Fig. 3 shows the corrected doping profiles taken with an ECV profiler. In the poly-Si the dopants distributed 
quickly and a constant doping concentration was obtained. Following the flat profile, a steep drop occurred 
indicating the position of the interfacial oxide and the surface of the c-Si wafer. The doping tail within the c-Si was 
very shallow for all samples. The deepest profile of about 100 nm was found for the 145 nm poly-Si featuring the 
highest doping level. Thus, more than 95% of the dopants were confined to the poly-Si layer. 
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Fig. 3. Doping profiles obtained on poly-Si contacts after implantation 
of different P doses and high-temperature annealing. 

Fig. 4. Measured free carrier absorption coefficient for differently 
doped poly-Si(n) layers. The lines refer to the fits according to Eq. 1. 

 
The free carrier absorption of the poly-Si contacts was determined after the method described in Ref. [15] using 

the R/T data taken by a UV/Vis spectrophotometer. Fig. 4 plots the absorption coefficient over wavelength for the 
different films. It is observed that FCA increased with doping level as suggested by theory. Moreover, the curves 
were fit to the equation: 

   (1) 

in the wavelength range of 1200-1500 nm with ND as variable input parameter. Since the signal of FCA was only 
moderate for the thinnest poly-Si film, thereby, introducing a large uncertainty, only the FCA curves of the 90 nm 
and 145 nm thick poly-Si films were fitted. As a result, a global optimum was found: 
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���� � ���� � ���� � �� � �����,   (2) 

which is in the range of the parameterization for c-Si [15]. 

3.3. Solar cells 

Table I displays the solar cell results. The Voc values were in the range of 679 to 691 mV. The J0e of the 
passivated boron emitter was ~45 fA/cm² and, therefore, the Voc was strongly limited by recombination at the front. 
Still the lowest Voc of 679 mV was obtained for cells featuring the poly-Si/SiOx contact with the highest doping level 
which exhibited a higher recombination current of ~9 fA/cm². On the other hand, the other passivating contacts 
showed comparably low J0 values ≤ 5 fA/cm² and, thus, slightly higher Voc values. The small fluctuations in Voc 
from group to group are ascribed to a slightly fluctuating front side quality. Furthermore, each group showed mean 
FF values of about 81%. The mean pFF of all cells was in the range of 82.5% to 83.0%. By comparing SunsVoc 
and light I-V curve, the mean series resistance was determined to ~0.32 Ωcm². Thus, the different rear contacts 
showed a similar electrical behavior in terms of Voc and FF. The highest Jsc values were measured for the TOPCon 
cells. The cells with poly-Si/SiOx contacts having thicker layers exhibited 0.1-0.7 mA/cm² lower Jsc values. 
However, processing issues caused an inhomogeneous SiNx deposition. Thus, the cells’ reflection differed slightly. 
Hence, the parasitic absorption losses of the individual solar cell groups are analyzed by comparing the quantum 
efficiency measurements in the IR wavelength regime. 

Table 1. Light I-V parameters obtained from 2x2 cm² solar cells. For each group the mean value of 14-21 cells is given. 

Film thickness Doping level 
(ND = x1020 cm-3) 

Voc 
(mV) 

Jsc 
(mA/cm²) 

FF 
(%) 

pFF 
(%) 

Efficiency 
(%) 

15 (TOPCon) n/a 691.2±0.9 41.0±0.1 81.1±0.1 83.0±0.1 23.0±0.1 

35 0.55 684.6±2.5 40.8±0.1 80.9±0.2 82.5±0.2 22.6±0.1 

90 1.19 689.5±1.0 40.9±0.0 81.1±0.1 82.7±0.1 22.8±0.1 

145 1.29 684.0±1.0 40.3±0.1 80.9±0.1 82.6±0.1 22.3±0.1 

145 1.67 685.9±1.3 40.6±0.1 81.1±0.1 82.8±0.1 22.6±0.1 

145 1.90 679.3±0.9 40.4±0.1 80.9±0.1 82.5±0.1 22.2±0.1 
 

In order to quantify the parasitic absorption losses, external and internal quantum efficiency as well as reflectance 
are studied and compared to each other in the wavelength range of 900-1200 nm. For each group 7-14 solar cells 
were measured and analyzed. Fig. 5 plots a representative IQE (solid lines) and reflectance (dashed lines) curve of 
each solar cell group. Starting from 1000 nm, the IQE curves deviate from the IQE of the TOPCon reference cell. 
The thicker the poly-Si contact, the lower was the IQE at each given wavelength. As the passivation quality of all 
contacts is on the same high level, the reduced IQE in the IR regime indicates parasitic absorption losses in the poly-
Si layers. Moreover, the reflection curves show a similar trend: the TOPCon reference had a reflection of 50% at 
1200 nm, while the cell with 145 nm poly-Si contact had a reflection of <40% at 1200 nm. 

Due to the very low minority carrier recombination at the rear, parasitic absorption at the rear is the only 
mechanism reducing the IQE. The parasitic absorption can be calculated as follows: 

�� � � � ���������� � �� � ���� � ����������������
������   (3) 

The parasitic absorption in the IR is defined here as: 

�� � ���� � ������,   (4) 
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where AFCA is the loss due to free carrier absorption and Ametal refers to parasitic absorption losses at the poly-
Si/metal interface. With the assumption that FCA in the 15 nm thin, amorphous TOPCon contact is negligible, FCA 
in poly-Si can be easily calculated according to: 

   (5) 

The total Jsc loss caused by the poly-Si contacts compared to the TOPCon cell is: 

  (6) 

Fig. 6 plots the calculated FCA losses (according to Eq. 3) and the total Jsc loss compared to the TOPCon cell 
where FCA losses are assumed to be zero. The FCA losses increased from 0.23 mA/cm² for 35 nm poly-Si through 
0.52 mA/cm² for 90 nm poly-Si to 0.99 mA/cm² for 145 nm poly-Si. Likewise, the total Jsc loss increased up to 
0.53 mA/cm² for 145 nm poly-Si (ND = 1.90x1020 cm-3). It can be seen that the total Jsc loss is smaller than the 
calculated FCA loss. As shown in Fig. 5 the reflection of the TOPCon cell was higher than the other cells, which 
means that a fraction of the additional photons which were not parasitically absorbed did not contribute to the cell’s 
current but escaped at the front upon reflection at the rear. This effect is indicated by the red bars in Fig. 6.  
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Fig. 5. Internal quantum efficiency (lines) and reflectance (dashed 
lines) curves of solar cells with different rear contact configurations. 

Fig. 6. Calculated FCA and total Jsc losses compared to reference cell 
featuring 15 nm TOPCon at rear. 

4. Discussion 

In summary, free carrier absorption in heavily phosphorus-doped poly-Si/SiOx contacts has been studied by 
means of spectrophotometry on test structures as well as on solar cells. From the measured FCA curves, a 
parameterization for FCA in n-type poly-Si was extracted. Not surprisingly, it was in good agreement with the 
parameterization for c-Si. Finally, the effect of FCA has been studied on device level. A Jsc loss of about 
0.53 mA/cm² due to FCA was obtained for a solar cell featuring a 145 nm thick poly-Si/SiOx contact (ND = 
1.9x1020 cm-3). Moreover, the general trend that FCA losses decrease with decreasing poly-Si thickness and poly-Si 
doping level was observed. Thus, in order to minimize FCA losses, the poly-Si thickness and doping level should be 
kept to a minimum. However, several authors have shown that the passivation quality of poly-Si/SiOx contacts 
depends –amongst other things – on the doping level [7, 10, 13]. For instance, in Ref. [10] J0 values < 5 fA/cm² were 
achieved with n-type poly-Si/SiOx contacts featuring doping levels ND ≥ 1x1020 cm-3. Furthermore, such high doping 
levels promote low contact resistivities and, presumably, are necessary for screen-printed Ag contacts. Hence, the 
doping level of the poly-Si contact cannot be reduced well below ND = 1x1020 cm-3 without sacrificing J0 and/or �c. 
On the other hand, a reduced poly-Si thickness does not adversely affect the surface passivation provided that a 
minimum poly-Si thickness of about 15 nm is maintained [13]. Still it is questionable if such thin layers could be 
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contacted by screen-printing and firing as Ag pastes easily penetrate thin Si layers and would locally depassivate the 
passivating contact. Hence, for the design of poly-Si/SiOx passivating rear contacts FCA losses and surface 
passivation as well as contact resistance have to be carefully balanced. 
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