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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 

In this work, we report on a novel structure of Interdigitated Back-Contacted (IBC) solar cells on c-Si p-type substrates that 
combines laser processed homojunction base contacts and silicon heterojunction (SHJ) emitters. These hybrid devices which can 
lead to potential benefits in device processing and/or conversion efficiency. In the proposed fabrication process special attention 
has been paid to the compatibility of both involved technologies: silicon heterojunction and laser doping from dielectric films. In 
particular, we focus on the surface passivation obtained by the heterojunction emitter after removing the aluminum oxide/silicon 
carbide (Al2O3/SiCx) layer stack needed for the laser doping process and previously deposited on the c-Si surface. A severe 
passivation degradation after plasma etching process to remove the top SiCx film is observed, despite leaving the Al2O3 film on 
the c-Si surface. Based on high-frequency capacitance-voltage characterization, an increase in the interface state density and a 
strong impact on the fixed charge density is deduced. Next, in order to choose an optimized metallization technology that could 
simultaneously contact both the ITO film and the p+ laser processed regions, we evaluate the contact quality of Titanium and 
Aluminum on ITO. Results show that Titanium is a better option with a specific contact resistance of 1.1 m·cm2. Finally, 
finished hybrid IBC solar cells with conversion efficiencies in the 18-19% range are reported. 
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1. Introduction 

In the last years, our research group has been developing a novel structure of crystalline silicon (c-Si) solar cell 
called DopLa (Doped by Laser) cell where all the highly-doped regions are created by laser processing dielectric 
films [1-4]. The n+ regions are formed by processing a phosphorus-doped silicon carbide film stack (SiCx(n)) while 
the p+ regions are based on aluminum oxide/silicon carbide (Al2O3/SiCx) film. Apart from working as dopant 
sources, these films provide c-Si surface passivation and anti-reflection properties. This technology has been applied 
to Interdigitated Back-Contacted solar cells leading to DopLa-IBC devices [1]. 

In reference [1], a conversion efficiency of 15.5 % is reported for DopLa-IBC solar cells with Voc = 644 mV, Jsc= 
37.2 mA/cm2 and FF= 65.1 %. The main limitations for those devices were the low Voc and FF values attributed to 
high recombination at the laser processed emitter regions and the distance between them. A low temperature 
alternative to create the emitter regions is silicon heterojunction (SHJ). This technology is based on the formation of 
selective contacts through the deposition of an intrinsic and doped amorphous silicon films and it has been 
previously applied to IBC solar cells with excellent results [5-7].  In this work, we report on p-type IBC solar cells 
where we combine a SHJ emitter together with laser processing to create the base contacts. In particular, the emitter 
consists of thin intrinsic and phosphorus-doped amorphous silicon films (i/n a-Si:H) contacted by ITO, while for the 
base contacts, p+ regions created by laser processed Al2O3/SiCx films are defined. With this hybrid devices, we 
would like to overcome the Voc and FF limitations observed for DopLa-IBC and explore the possible benefits of the 
combination of both low temperature technologies.  

2. Experimental  

The solar cell processing is based on a 280 µm-thick 2.5 Ω·cm FZ c-Si wafer with random pyramids textured 
front surface and polished rear surface. After a standard RCA cleaning, a 50 nm-thick Al2O3 film is symmetrically 
deposited on both surfaces by Atomic Layer Deposition technique, followed by a 10 minutes annealing at 400 ºC to 
activate the Si surface passivation. Then, the front Al2O3 film is capped by a 35 nm-thick SiCx layer by PECVD in 
order to reduce optical reflection and protect the Al2O3 film from subsequent wet chemical steps. On the rear 
surface, we deposit a 50 nm-thick SiCx layer in order to protect Al2O3 film and improve the laser process to create 
the p+ regions [3]. After a photolithographic step on the rear surface, emitter windows are opened through SiCx layer 
by CF4/O2 plasma etching. Next, the sample is treated by RCA1 cleaning and HF (1%) dip to remove the Al2O3 film 
at the emitter regions and expose the c-Si surface. Immediately after the cleaning, an intrinsic a-Si:H (~4 nm) and 
phosphorus-doped a-Si:H (~15 nm) film are deposited continuously onto the rear surface by PECVD at 300 ºC 
creating the silicon heterojunction at the opened emitter windows which is contacted by a 100 nm ITO layer 
deposited by RF sputtering. A second photolithographic step is used to remove ITO and i/n a-Si:H films by HF (2%) 
solution and HF/HNO3 mixture solution respectively from the regions where the base contacts are to be defined.  

Now, p+ highly-doped regions are created by laser processing Al2O3/SiCx stacks with a Q-switched Nd:YAG 
laser (StarMark SMP 100II Rofin-Baasel) emitting at 1064 nm in TEM00 with a power of 1.07 W, which is the 
minimal power for effective laser doping in order to avoid any possible damage on adjacent heterojunction [1]. The 
distance between each laser spot is 250 µm as developed in previous work [1]. Finally, the sample is metallized just 
after the laser step by Ti(~20 nm)/Al(~4µm) stack deposited by sputtering. In order to separate emitter and base 
contacts, a 50 µm gap of metal is defined by photolithography and subsequent Al etching with orthophosphoric 
acid/isopropanol mixture solution at 65 ºC followed by Ti etching with 1% HF solution. A detailed fabrication 
process of these hybrid devices on p-type substrate are summarized in the Table 1, while the resulting device 
structure is sketched in Figure 1.(a) and a microscope picture of the finger structure on rear surface is shown in 
Figure 1.(b).  
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Table. 1. Fabrication process of hybrid devices on p-type substrate. 

Standard RCA cleaning  
50 nm Al2O3 ALD deposition 

SiCx PECVD deposition on front surface (35 nm ARC coating) 
and rear surface (50 nm) 

Emitter windows lithography and plasma etching 
RCA1 and HF (1%) dip 

Intrinsic and n-type a-Si:H PECVD deposition 
ITO sputtering deposition 

Base region lithography and ITO/a-Si:H wet etching 
Base laser doping process 

Sputtering 20 nm Ti and 4 µm Al deposition 
Interdigitated contact definition 

 

                                                                                                                              

 

 

 

 

 

Fig. 1. (a) Cell structure of the fabricated p-type hybrid devices;           (b) Microscope picture of the finger structure. 

3. Results and discussion 

3.1 Surface passivation measurements 

As it can be seen in the fabrication process shown in Table 1, a crucial point of the combination of SHJ and laser 
doping technology is the passivation quality of the a-Si:H films after the etching the Al2O3 film previously deposited 
onto c-Si surface. To check out this passivation, we fabricated test samples reproducing the conditions that would be 
found in the final devices. In Figure 2.(a), we show the lifetime measurements of a sample symmetrically covered 
with 50 nm of Al2O3 deposited by ALD and 50 nm of stoichiometric SiCx film deposited by PECVD. As it can be 
seen, lifetime is very close to the intrinsic lifetime (where only Auger and radiative recombination is considered [8]) 
indicating an excellent surface passivation quality. Then, SiCx film is etched by plasma etching based on CF4/O2 
mixture on one side leaving the Al2O3 film still fully covering the c-Si surface. Surprisingly, lifetime dramatically 
decreases below 10 µs indicating a poor surface passivation at the Al2O3/c-Si interface that has been exposed to the 
plasma. In the final solar cells, the highly recombining interface is only located at places where the Al2O3 will be 
chemically etched during the RCA1 cleaning prior to a-Si:H deposition. In the test sample, we performed the 
cleaning steps and the a-Si:H+ITO deposition. As it can be seen in figure 2.(a), lifetime is recovered to the initial 
passivation levels. This result indicates that the poor passivation is related to a modification of Al2O3/c-Si interface 
properties. 

 
 
 

 

p+ p+SHJ Emitter
ITO/a-Si:H (i/n)

Base 
contact

Al2O3/SiCx

FZ p-type c-Si

Al2O3/SiCx

Ti/Al

(a) (b)

 Chen Jin / Energy Procedia 00 (2017) 000–000 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2.  (a) Lifetime measurements p-type hybrid device               (b) Normalized capacitance voltage measures acquired at 1 MHz 

In order to get a deeper knowledge of the impact of CF4/O2 plasma etching on passivation of Al2O3, we prepared 
Metal Insulator Semiconductor (MIS) capacitors consisting of Al/Al2O3/c-Si. For this experiment we used two type 
of samples. On the one hand, we deposit 50 nm thick Al2O3 film onto c-Si surface and a 400 ºC annealing for 10 
minutes was carried out to increase the negative fixed charge density [9]. On the other hand, we deposit an Al2O3 
(50 nm)/SiCx (50 nm) stack where SiCx was subsequently etched by CF4/O2 plasma etching. As a result, a similar 50 
nm-thick Al2O3 film than in the previous case is left onto c-Si surface. A uniform aluminum layer is deposited onto 
rear surface of both samples by e-beam method followed by a full-area intensive point-laser firing forming ohmic 
contacts. Round-shape Aluminum dots with a nominal diameter of 2 mm are thermally evaporated onto the front 
surface using a shadow mask.  

The measured high frequency (1 MHz) Capacitance-Voltage (C-V) curves for both samples are shown in figure 
2.(b) where we have normalized the measured capacitance by the maximum capacitance measured under 
accumulation conditions. As it can be seen, the C-V curve is shifted to negative values after CF4/O2 plasma etching 
indicating the appearance of positive fixed charge (Qf). Using conventional MIS theory [10], we could quantify Qf 
for both samples from the shift of the flat band voltage and using a difference between metal and semiconductor 
workfunction of -0.628 eV. For the case without plasma etching, we obtain Qf = -1.9×1012 cm-2 while after CF4/O2 
plasma etching Qf is positive and equal to 2.0×1012 cm-2. This big difference indicates a strong impact of plasma 
etching on Al2O3 film configuration. Notice that the determined Qf value is an equivalent charge located at the 
dielectric/c-Si interface, but the real charge distribution is not known.  Probably, the positive charge is related to the 
first nanometers of the film that have been exposed to the plasma modifying surface configuration from 
accumulation to high inversion. 

Additionally, we applied the method proposed by Terman [11] to calculate the interface state density (Dit) from 
the high-frequency C-V curve. In this method, Dit is obtained from the stretching out of the C-V curve along the 
voltage axis. It is more precise when surface is under depletion or low inversion conditions and capacitance is not 
constant. As a consequence, Dit is determined in an energy range around midgap which is the region of more interest 
from the recombination point of view. The obtained Dit values are plotted in the inset of figure 2.(b) where we can 
see that this parameter increases in all the explored energy range and more significantly close to the valence band 
when CF4/O2 plasma is applied. A quantitative justification of the dramatic lifetime decrease after plasma etching by 
the measured interface parameters is beyond the scope of this paper. However, we can conclude that C-V 
measurements reveal a strong impact of CF4/O2 plasma on Al2O3/c-Si interface.  
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3.2 Contact resistance on ITO 
 

In previous experiments, p+ laser doped regions were successfully contacted by Aluminum [4] and Titanium [1] 
while in our heterojunction solar cells ITO is typically contacted by Silver [12]. Since Silver is not a good option for 
p+ doped c-Si, we decided to evaluate the contact quality of Aluminum and Titanium on ITO using the Transfer Line 
Method (TLM) [13]. In this method, metal contacts with different spacing between them are defined and the 
resistance between them is measured. Then, the total resistance (RT) follows a linear trend depending on the distance 
between contacts (L) as follows: 

 
 

 
 
where W is the width of the contact and LT is the transfer length indicating the average distance that a carrier travels 
in the silicon beneath the contact before it flows up into the contact. Consequently, the effective contact area can be 
regarded as LT×W. Finally, the specific contact resistance is calculated from the y-axis intercept applying a corrected 
contact area following equation (2):  

 
 
 
We deposit Al and Ti by sputtering onto samples covered by same ITO through shadow mask that defines a 

series of rectangular-shape metal contacts with distinct spacing. In figure 3.(a), we show the I-V curves of ITO/Al 
and ITO/Ti contacts with the same spacing for ±1 V. It can be seen that Aluminum is creating a poorer contact on 
ITO even showing a rectifying trend for high voltages. On the contrary, ITO/Ti is perfectly linear with lower 
resistance. Based on these results, we performed TLM measurements only for the ITO/Ti contact. We reduced the 
explored voltage range to ±0.1 V in order to get a linear relation between current and voltage and RT was measured 
from the inverse of the slope at V= 0.1 V for every contact spacing. The obtained values are shown in figure 3.(b) 
with the best linear fit. Applying equation (1) and (2), we deduce specific contact resistance of about 1.1 mΩ·cm2 
for ITO/Ti. Given that emitter fractions in the range of 49-71 % are defined in the solar cells (see table 2), this value 
is low enough to introduce a negligible impact on FF. Consequently, Ti is used as metal contact in the final devices. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              Fig. 3.  (a) Measured current of ITO/Al contact and ITO/Ti contact                (b) Total resistance as a function of contact spacing; 
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3.3 Solar cell results   

Following the fabrication process explained above, we finished six 3x3 cm2 solar cells in two 4” wafers. The 
photovoltaic parameters as a function of the emitter contact fraction (fe) are shown in table 2. As it can be seen, 
except for one cell, the rest have a conversion efficiency in the 18-19 % range with a champion cell of 19.0 % with 
Voc = 677 mV, Jsc = 40.7 mA/cm2 and FF = 68.8 %. Focusing on Jsc, the obtained values are higher than the ones 
reported in reference [1] for fully laser-processed cells. The measured External Quantum Efficiency (EQE) curve of 
the champion cell is shown in Figure 4.(a) together with the one reported in reference [1] for a direct comparison. 
The increase in Jsc corresponds to higher EQE values for  < 1000 nm. This constant increase is attributed to a better 
front surface passivation. On the other hand, Voc values have significantly increased from the 620-644 mV reported 
in reference [1] to 665-684 mV, demonstrating a lower recombination in the SHJ emitter compared to the laser-
doped one. Finally, despite FF values are better than the ones related to fully laser doped cells (57-65 %), this 
parameter is clearly limiting cell efficiency. 

Table 2. Photovoltaic figures of 3x3 cm2 p-type hybrid cells with ITO of ~80 Ω/square. 

fe 
(%) 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF(pFF) 
(%) 


(%) 

71%(wafer1) 39.6 666 58.3(77.1) 15.4 
71%(wafer2) 41.2 674 65.0(77.2) 18.0 
60%(wafer1) 39.8 665 71.0(82.1) 18.8 
60%(wafer2) 40.7 677 68.8(81.0) 19.0 
49%(wafer1)  40.5 684 65.7(81.8) 18.2 
49%(wafer2) 40.9 671 69.1(80.7) 19.0 

 

                           

 

               

 

 

 

 

 

Fig. 4. (a) EQE measurements of fabricated devices.                                  (b) J-V curve (cell1) of the solar cell with best efficiency 

In order to get a deeper insight of the origin of the low FF, we measured Suns-Voc curves and calculated the 
corresponding pseudo-FF (pFF), where ohmic losses have no impact [14]. Apart from cells with fe= 71 % that show 
pFF of about 77 % limiting the FF to even lower values, the rest of the cells have a pFF well beyond 80 % 
indicating a good junction formation with low shunting. Thus, a transport problem must be behind the low FF 
values. A possible candidate is the distance between base contacts. However, FF as high as 74 % have been reported 
in reference [15] where we applied identical geometry to the base contacts. Thus, the origin of the low FF in these 
hybrid solar cells should be related to the amorphous silicon emitter.  
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3.3 Solar cell results   

Following the fabrication process explained above, we finished six 3x3 cm2 solar cells in two 4” wafers. The 
photovoltaic parameters as a function of the emitter contact fraction (fe) are shown in table 2. As it can be seen, 
except for one cell, the rest have a conversion efficiency in the 18-19 % range with a champion cell of 19.0 % with 
Voc = 677 mV, Jsc = 40.7 mA/cm2 and FF = 68.8 %. Focusing on Jsc, the obtained values are higher than the ones 
reported in reference [1] for fully laser-processed cells. The measured External Quantum Efficiency (EQE) curve of 
the champion cell is shown in Figure 4.(a) together with the one reported in reference [1] for a direct comparison. 
The increase in Jsc corresponds to higher EQE values for  < 1000 nm. This constant increase is attributed to a better 
front surface passivation. On the other hand, Voc values have significantly increased from the 620-644 mV reported 
in reference [1] to 665-684 mV, demonstrating a lower recombination in the SHJ emitter compared to the laser-
doped one. Finally, despite FF values are better than the ones related to fully laser doped cells (57-65 %), this 
parameter is clearly limiting cell efficiency. 
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In the previous section, we determined a low contact resistance of ITO/Ti contact that in any case could 
significantly contribute to the series resistance of the device. Therefore, in our opinion the most probable origin of 
the low FF is the low conductivity of the phosphorus-doped a-Si:H film. Our group developed this film contacted by 
ITO to be located at the front surface where the light impinges the cell [12],[16]. There, the conductivity of 
amorphous silicon layer is enhanced due to photogenerated carriers allowing an efficient transport of majority 
carriers. However, in the case of back contact heterojunction, photogeneration is negligible and the low conductivity 
cannot be compensated. Moreover, a small reduction in the slope in J-V curves close to Voc is also observed in some 
of our hybrid cells resembling an “S” shape. This type of J-V curve distortion is reported for low doped a-Si:H 
layers in rear emitter configuration cells [17]. Consequently, future works will address this problem in order to fully 
exploit the potential of our hybrid devices.  

4.  Conclusions 

In this work, we have reported on hybrid p-type solar cells where the emitter is based on SHJ technology while 
the base contacts are created by laser processing Al2O3/SiCx films. The combination of these two kind of junction 
formation is proved to effectively enhance the solar cell conversion efficiency compared to a fully laser-processed 
solar cells, especially the Voc value which benefits from the lower recombination in SHJ emitter compared to the 
laser doped one. We have also demonstrated the compatibility of both involved technologies while keeping the 
fabrication process at low temperature (< 400 ºC). In particular, a strong impact on Al2O3/c-Si interface is observed 
after the CF4/O2 plasma used to etch the capping SiCx layer. Surface passivation is recovered after replacing the 
Al2O3 film by the a-Si:H(i/n)+ITO stack. On the other hand, Titanium is used for simultaneously contacting ITO and 
laser spots with specific contact resistance of ITO/Ti of 1.1 m·cm2. Finally, efficiencies as high as 19.0 % are 
reported for these hybrid devices, in which the low conductivity of the phosphorus-doped a-Si:H layer is considered 
as the main limiting factor.  
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of our hybrid cells resembling an “S” shape. This type of J-V curve distortion is reported for low doped a-Si:H 
layers in rear emitter configuration cells [17]. Consequently, future works will address this problem in order to fully 
exploit the potential of our hybrid devices.  

4.  Conclusions 

In this work, we have reported on hybrid p-type solar cells where the emitter is based on SHJ technology while 
the base contacts are created by laser processing Al2O3/SiCx films. The combination of these two kind of junction 
formation is proved to effectively enhance the solar cell conversion efficiency compared to a fully laser-processed 
solar cells, especially the Voc value which benefits from the lower recombination in SHJ emitter compared to the 
laser doped one. We have also demonstrated the compatibility of both involved technologies while keeping the 
fabrication process at low temperature (< 400 ºC). In particular, a strong impact on Al2O3/c-Si interface is observed 
after the CF4/O2 plasma used to etch the capping SiCx layer. Surface passivation is recovered after replacing the 
Al2O3 film by the a-Si:H(i/n)+ITO stack. On the other hand, Titanium is used for simultaneously contacting ITO and 
laser spots with specific contact resistance of ITO/Ti of 1.1 m·cm2. Finally, efficiencies as high as 19.0 % are 
reported for these hybrid devices, in which the low conductivity of the phosphorus-doped a-Si:H layer is considered 
as the main limiting factor.  
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