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ABSTRACT  

Atmospheric pressure chemical vapour deposition (APCVD) of phosphosilicate glass (PSG) layer allows a separation 

of glass deposition and phosphorous diffusion step. This permits the application of the selective laser-doping process 

either before or after the thermal diffusion, which increases the freedom of tailoring the doping profiles of both lowly 

and highly doped regions of selective emitter structures. We fabricate industrial p-type PERC solar cells featuring 

APCVD PSG-based selective emitters and study the effect of laser-doping process on current-voltage characteristics. 

Mean conversion efficiency ƞmean = 21.1% and an absolute gain Δƞmean = 0.2% to the homogeneous emitters is 

achieved for solar cells after applying the laser-doping process either before or after the thermal drive-in. The most 

promising selective emitter group is the one featuring the laser process before the thermal diffusion step, where a 

carrier concentration profile with depth d = 0.9 µm as well as a low specific contact resistivity (ρC,mean ≈ 3 mΩ cm2) 

are achieved. The major electrical loss of this group is related to the spectral response, where a higher front-reflection 

and an increased recombination at the illuminated fraction of the highly doped region need to be minimized in order 

to further push the efficiency level to ƞ > 21.5%. 

 

Keywords: Doping, Atmospheric pressure, PERC solar cells 

 

1. INTRODUCTION 

 With a continuous improvement in electrical 

properties and reduction of production cost, passivated 

emitter and rear cell (PERC)-type solar cell concept is set 

to become the standard cell architecture in industrial 

production [1]. However, still the losses in emitter region 

account for a significant proportion of the total 

recombination losses in a PERC solar cell [2]. In order to 

further minimize the emitter-related recombination 

losses, selective-emitter approaches are being 

increasingly adopted as it allows diffusion of an emitter 

with low surface concentration and thus, low saturation 

current density between the fingers (j0,pass), whereas 

facilitating a lower contact resistivity (ρC) in contact 

areas. Additionally, another goal of the selective emitter 

approach is to minimize the recombination of minority 

charge carriers, i.e. lowering the saturation current 

density j0,met in the metallized area of the solar cell. Two 

of the major ways to achieve this are: a) formation of 

highly doped n++ areas under metal contacts for effective 

shielding of minority charge carriers towards reaching the 

contact area, b) minimizing the laser-induced damage in 

the Si lattice.  

 Meanwhile, the choice of the dopant source and the 

applied selective laser process can have a substantial 

effect on the resulting recombination as well as on the 

final contact resistance values of screen printed silver 

contacts. Typically, a phosphosilicate glass (PSG) layer 

formed by POCl3-based tube diffusion process is used as 

the doping source to form laser-doped selective emitter 

regions [3]. In this study, we choose atmospheric 

pressure chemical vapour deposition (APCVD) as the 

technology to deposit phosphosilicate glass (PSG) layers 

on the Si surface. Apart from the economic potential of 

this technology compared to the conventional POCl3-

based tube furnace diffusion, its choice for this study is 

mainly due to: a) convenience of depositing single layer 

or stack of PSG glass with desired P concentration, and 

b) separation of glass (dopant source) deposition and 

thermal diffusion steps. The latter allows a freedom of 

tailoring doping profiles by independently varying the 

PSG deposition, laser and thermal diffusion steps, aiming 

to strike a balance between strong P diffusion and low 

laser-induced damage in the selective-emitter region. 

 One of the major barriers for the adoption of 

APCVD-based technology is a limited demonstration of 

high efficiencies using industrial-scale process steps. In 

this paper, we apply laser-based selective doping process 

on APCVD PSG layers, either directly after PSG 

deposition step or after the thermal diffusion step, and 

compare the electrical performances in the solar cell 

level. We start with electrical characterization of such 

selective n-type emitters on test structures using doping 

profiles and sheet resistance measurements. Afterwards, 

we apply APCVD PSG-based selective-emitter 

technology on large-area industrially fabricated p-type 

PERC solar cells and discuss the current-voltage 

characteristics of different groups.  

 

2. EXPERIMENTAL 

 Figure 1 shows the experimental process plan 

followed to prepare PERC-type solar cells using 

APCVD-deposited PSG layer as the doping source. 

Alkaline textured p-type Czochralski (CZ) 

monocrystalline Si wafers with 1-3  cm resistivity and 

edge length of 156 mm are used as precursor wafers. 

After HF-dip and DI-water rinsing, an inline APCVD 

deposition tool from SCHMID Thermal System Inc. is 

used to deposit a PSG layer stack on the textured side of 

the wafers. During the APCVD process, single doped 

layer or a stack of doped layer capped with a diffusion 

barrier layer (SiOx) can be deposited in a single 

continuous run through the multiple deposition chambers. 

PSG layer deposition is performed by injecting 

N2-diluted SiH4, PH3 and O2 through the CVD 

injectors [4]. 



 

 
 

Figure 1: Experimental plan used to fabricate APCVD 

PSG-based CZ-PERC type solar cells. APCVD 

deposition of PSG layer stack is performed at Schmid 

GmbH, whereas laser doping, thermal diffusion and rest 

of the PERC processing steps are performed at 

SolarWorld Industries GmbH. 

 

 The concentration of P in the PSG layer mainly 

depends upon the gas flows and can be set as an input 

process parameter [5]. The gas flows are varied to form 

PSG layers of different P concentrations as well as to 

form un-doped barrier layers (SiOx). Here, a stack of 

low concentration PSG/SiOx/ high concentra-

tion PSG/SiOx layers is deposited. The choice of 

phosphorous concentration in the PSG layers is made 

based upon our extensive study dedicated to the 

development of the homogeneous and selective emitters 

using APCVD PSG layer, and is discussed in another 

parallel conference paper [6]. 

 Afterwards, highly doped regions are selectively 

formed either by applying laser-doping process before 

(laser diffusion + drive-in), or after (drive-

in + laser diffusion) thermal diffusion at SolarWorld 

Industries GmbH. Groups G1 and G2 received laser 

diffusion + drive-in process, and differ only by the 

duration of the thermal drive-in process from each other. 

Groups G3 and G4 received drive-in + laser diffusion 

process, and differ only by the fluence (F) applied during 

the laser-doping process. Thermal drive-in process is 

performed under N2 atmosphere in a tube furnace for 50 

minutes in case of G1, G3, G4 and G5; whereas G2 

received a shorter drive-in duration of 45 minutes.  

  In case of laser diffusion + drive-in, the laser process 

with a fluence of 3.7 J/cm2 and pulse overlap of 100% is 

chosen based upon our past experience of this process 

leading to a low contact resistivity (ρC). For groups that 

received drive-in + laser diffusion, we choose two values 

of laser fluences (1.5 J/cm2 for G3, 1.8 J/cm2 for G4) for 

the solar cell precursors. 

 Please note that the selective laser-doping is applied 

only underneath the intended area for fingers and busbars 

for the solar cell precursors of G1-G4. For reference 

purpose, homogeneous emitter is formed for G5 without 

any laser doping. In parallel, characterization samples 

with laser fields are also prepared, where laser doping is 

performed in a larger area that can be used to measure 

doping profiles and emitter sheet resistances (RSH) of 

both lowly and highly doped regions. Carrier 

concentration profiles are measured by using electro-

capacitance-voltage (ECV) method on alkaline-textured 

samples and the profiles are corrected by adapting the 

surface factor that the sheet resistance determined from 

the charge carrier profile matches the sheet resistance 

measured by using four point probe (4pp) method [7,8]. 

 After completing the diffusion processes, PSG 

etching is performed and the standard PERC fabrication 

sequence is followed for the solar cell precursors in the 

pilot line of SolarWorld Industries GmbH. It should be 

noted that the highly doped n++ region and the 

screen-printed metallization of the Ag grid are aligned for 

the selective emitter groups. In order to keep a tolerance 

for alignment, the selective-doping is performed in 

broader area than the width of the screen-printed fingers.  

The fraction of illuminated area with high doping to the 

total area of the solar cell is close to 6%, and the total 

metallization fraction is close to 4.5%. The screen-

printing of rear and front sides is performed by using 

commercially available pastes, followed by a variation in 

the contact-firing process. I-V characteristics and spectral 

response of solar cells are measured after the 

regeneration process.  

 

3. RESULTS AND DISCUSSION 

 

3.1 Doping profiles of homogeneous and laser-doped 

emitters 

 Figure 2 shows the measured carrier concentration 

profiles of laser-doped emitters used in G1, G3 and G4, 

which received identical drive-in process (850°C, N2 

atmosphere, 50 min.). For comparison, doping profile of 

the homogeneous emitter that received no laser process 

(G5), is plotted as well. Please note that since G1 and G2 

differ slightly in the drive-in duration, G2 is expected to 

have lower total phosphorous dose than G1 (profile not 

measured here). The corresponding emitter 

characteristics are listed in Table 1. 

 

 
Figure 2: Carrier concentration measured by ECV for 

the homogeneous and selective doping processes 

applied in the solar cell batch measured on textured 

surface. The profiles are corrected by a surface factor to 

match the sheet resistance measured by 4pp. 

 

      For the interpretation of the carrier concentration 

profile, it should be noted that a significantly higher 

laser fluence is used for laser diffusion + drive-in group 

(G1,G2) in comparison to groups featuring 

drive-in + laser diffusion (G3,G4). In Figure 2, laser 

diffusion + drive-in group G1 leads to a lower NS in 

comparison to the drive-in + laser diffusion selective 

p-type CZ precursors after PERC front-end processing
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doping processes (G3/G4). For G3, the depth measured 

by ECV is lower than that of the homogeneous emitter 

(G5), which could be related to the slight differences in 

PSG layer thicknesses within the test wafer on which 

laser fields were prepared to perform ECV 

measurements. 

 

Table 1: Characteristics of selective (laser-doped) and 

homogeneous emitters used in the solar cell batch, 

which are subjected to identical drive-in duration of 50 

minutes. Emitter depths (d) are measured at 1016 cm-3 

after linear extrapolation. 

Doping 

process 

Gr. RSH 

(Ω/□) 

NS 

(10
20

 cm
-3

) 

   d 

(nm) 

laser + drive-in G1 67 0.72 1000 

drive-in + laser G3 95 1.7 225 

drive-in + laser G4 73 1.75 290 

drive-in G5 119 2.0 320 
 

 

 In fact, drive-in + laser diffusion mainly increases the 

the near-surface emitter doping in comparison to the 

emitter formed without any laser-doping. Nevertheless, 

the thermally diffused emitter also features a high NS, 

although a very steep decline in P concentration in the 

depth of the emitter. Moreover, applying laser 

diffusion + drive-in process leads to a significantly 

deeper profile (d ≈ 1 µm)  with an extended depth of the 

highly doped region ([P] > 1019 cm-3) in comparison to 

the highly doped areas formed by 

drive-in + laser diffusion groups and to the emitter 

formed only by thermal drive-in. The differences in 

profile of selectively doped regions based on whether the 

laser doping is applied before or after the laser doping 

process is expected to be related to an easier access to a 

rich P source (PSG layer with [P]=20%) during drive-in 

process in the former case. Further studies are needed in 

order to understand the exact mechanism of dopant 

diffusion from such a stack of PSG layers.  

 Nevertheless, in case of a thick stack like the one 

used in this experiment, significantly higher laser 

fluences are required to induce dopant diffusion into Si 

for the group laser diffusion +drive-in in comparison to 

the drive-in + laser diffusion. Therefore, collective 

optimization of the layer stack (thickness and P 

concentration) and the laser process is worthwhile to 

investigate for such a diffusion process. In case of 

drive-in + laser diffusion, lower laser fluences are 

required to reach an equivalent value of RSH. A full 

investigation of applying laser + drive-in and drive-

in + laser processes for various laser fluences and 

evaluating the resulting doping profiles and the 

corresponding electrical parameters is out of scope of this 

paper and will be discussed in a future publication. 

 

3.2  Solar cell results 

 I-V characteristics of the PERC-type solar cells are 

plotted in Figure 3. Excellent open-circuit voltages (VOC) 

above 670 mV and a gain in VOC compared to the 

homogeneous emitter (G5) is achieved for best groups of 

both types of selective emitter cells.  

 For laser diffusion + drive-in group, an advantage of 

shorter drive-in duration (G2) is observed in both VOC 

(ΔVOC ≈ 2 mV) and short circuit current density (JSC) 

(ΔJSC ≈ 0.1 mA/cm2) of the solar cells. It should be noted 

that for a shorter drive-in duration (45 minutes), a higher 

average sheet resistance RSH,mean ≈ 134 Ω/□ is measured 

for the illuminated emitter in comparison to the longer 

drive-in duration of 50 minutes (RSH,mean ≈ 120 Ω/□).  
Hence, we attribute the gain in VOC for G2 to a lower 

Auger recombination in the emitter in comparison to G1. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 3: Illuminated I-V characteristics of the large area (156 mm edge length) p-type CZ PERC-solar cells measured in 

stable regenerated state, by using industrial cell tester with the reference cell calibrated to Fraunhofer ISE Callab.  
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 In general, the solar cells that feature 

laser diffusion + drive-in show a significant loss in JSC in 

comparison to other selective or homogeneous emitter 

solar cell groups. The reason for this will be discussed in 

the latter part of the paper. The solar cells featuring 

laser diffusion + drive-in (G1, G2) show a significantly 

higher fill factor (FF) in comparison to 

drive-in + laser diffusion (G3, G4) and the homogeneous 

emitter (G5). For drive-in + laser diffusion group, lower 

laser fluence of 1.5 J/cm2 (G3) leads to a higher FF in 

comparison to a higher fluence of 1.8 J/cm2 (G4). 

Overall, mean conversion efficiencies, ƞmean ≥ 21.1% is 

achieved for best selective emitter groups G1, G2 and 

G3. The champion solar cell from G2 reached 21.2% 

conversion efficiency. In comparison, homogeneous 

emitter solar cell group reached ƞmean = 20.9%.  
 
3.3 Losses in selective-emitter solar cells 

 

3.3.1 FF losses 

 The APCVD PSG-based selective-emitter groups 

reached higher FF than the homogeneous emitter group 

of solar cells. However, the FF values achieved in this 

solar cell batch are still lower than the expected values. 

Therefore, APCVD-based solar cells still have potential 

to reach higher FF and ƞ if these losses can be 

minimized. To quantify the losses, a FF loss analysis is 

performed based upon the following measured 

parameters: a) FF from illuminated I-V curve, b) ideal 

value of fill factor FF0 [9] that consists of only losses due 

to the first diode recombination parameter J01 and c) 

pseudo fill factor (pFF) from Suns-VOC measurements 

that is free of series resistance (RS) related losses [10]. By 

using these parameters, it is possible to identify the 

limiting loss-factors in FF of the solar cell. For example, 

pFF-FF provides a direct measure of RS-related losses, 

whereas FF0-pFF gives the extent of FF losses due to 

parallel resistance (RP) and non-ideal recombination 

losses usually lumped in a second diode recombination 

parameter j02. Furthermore, specific contact resistivity 

(ρC) is measured for two cells of each group (9 

measurements per sample) using transmission line model 

(TLM) [11]. The parameters used to identify FF-losses in 

different solar cell groups are plotted in Figure 4. 

 Figure 4 a) shows the results for the FF loss analysis. 

It suggests that the selective emitter solar cells featuring 

laser diffusion + drive in are not limited by the RS-related 

losses. It is also confirmed by a low mean value of 

specific contact resistivity ρC,mean=2.5 mΩ cm2 for both 

G1 and G2 (see Figure 4 d)). In contrast, selective emitter 

solar cells featuring drive-in + laser diffusion are 

expected to be limited by RS-related losses, mainly due to 

a higher value of ρC. We also confirmed that all groups 

have comparable values of Ag-grid related resistance 

losses.  

 Comparing Figure 4 d) with the carrier concentration 

profiles in Figure 2, one should notice that the behaviour 

is complex and cannot be reduced to a simple relation of 

ρC and NS. In this study, the lowest ρC values are not 

obtained for emitter with high NS value. Here, the shape 

of the profile and possibly the surface roughness left after 

the laser process is expected to have a large influence on 

the contacting property. In Figure 4 b), all groups show 

an equivalent value of FF0-pFF, whereas as per Figure 

4 a), losses due to RP can be neglected for all groups 

(RP > 10k Ω cm2). 

 

  

 
a) 

 
b) 

 
c) 

 
d) 

Figure 4: Plots comparing: a) pFF-FF, b) FF0-pFF, c) parallel resistance (RP) and d) TLM-measured contact resistivity (ρC) 

values of different solar cell groups. 
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In Figure 5, breakdown of j01-limited FF (FF0) of 

APCVD PSG-based solar cells, which followed either 

laser + drive-in, drive-in + laser or only drive-in 

processes are compared. APCVD-PSG based 

selective-emitter and homogeneous emitter solar cell 

groups clearly show high non-ideal recombination or 

j02-related FF losses. Such j02-related losses are generally 

related to the recombination losses in abrupt junctions, 

space charge region and other injection dependent 

recombination. In our case, origin of this loss in not yet 

completely understood, but expected to be related with 

impurity contamination during cell-processing steps 

and/or the wafer transport between different laboratories. 

As the rear-side of all solar cells are identically 

processed, the losses should be related to the front-side 

processing steps. In case of laser-doped emitters, this 

negative impact of j02 is expected to be compensated to 

some extent by the better shielding of minority charge 

carriers in the contact area, i.e. lower j0e,met. 

 

 
 

Figure 5: Breakdown of ideal FF (FF0) into measured 

FF and losses due to series resistance (RS) and 

recombination related to the second diode component 

(j02). No significant losses occurred due to parallel 

resistance (RP) on all solar cell groups. 

 

 Nevertheless, the j01-limited FF or FF0 of all 

APCVD-based PERC solar cell groups are identical. 

Furthermore, APCVD-group featuring laser +drive-in 

shows lowest RS-related loss. The homogeneous emitter 

group shows the highest RS-related losses that can be 

directly correlated to high contact resistivity values 

(see Figure 4 d)). 

 

3.3.2 JSC losses for laser diffusion + drive in group 

 In Figure 3 b), the groups featuring laser doping 

before thermal diffusion process show significant loss in 

JSC in comparison to other groups In order to understand 

the losses, a schematic showing a unit area of the front 

side of a selective emitter solar cell is shown in Figure 6.  

 In Figure 6, whigh and w represent the width of 

selectively highly doped area and that of the 

screen-printed metal finger, respectively. The alignment 

tolerances lead to a laser-dope area where the highly 

doped area is not completely placed under the metal 

contact and therefore also participates in the charge 

carrier generation as the lowly doped emitter. Looking at 

the carrier concentration profiles of highly doped region 

for laser + drive-in group, one can expect a significantly 

higher Auger-related recombination in this region in 

comparison to the lowly-doped emitter. In combination 

with the much deeper junction, a notable loss in blue 

response is expected. 

 
Figure 6: Schematic depicting the formation of selective 

emitter with a width whigh in the front-side of a solar cell, 

on which a Ag-grid with fingers of width w is printed.  

 

 In their studies, Jäger et al. argue that such Auger-

related recombination losses forming dead layer in highly 

doped region is responsible for JSC losses in selective-

emitter solar cell that do not exhibit a perfect alignment 

between laser-doping and screen printing [12]. Apart 

from this, laser-induced defects can also activate 

Shockley Read Hall (SRH) recombination channel, 

although the consequent drive-in process is expected to 

anneal the defects to some extent. Meanwhile, higher and 

longer laser pulse energies could also significantly 

change the surface topography due to longer and deeper 

melting and crystallization phases of Si substrate. Thus, 

apart from the recombination losses that are typically 

visible in the internal quantum efficiency (IQE) of solar 

cells, losses in external quantum efficiency (EQE) due to 

a higher reflection of the illuminated highly doped area 

can also influence JSC. This effect is often neglected for 

conventionally applied selective-doping processes; 

however, it demands a closer look if high laser fluences 

and overlaps are used as in the case of G1 and G2.  

 EQE and IQE measurements are performed for the 

solar cells from groups G1 and G5. These groups are 

chosen as they showed respectively the minimum and 

maximum JSC of all groups, and therefore are expected to 

allow a better understanding of losses that are limiting 

JSC of groups G1 and G2. The front reflection-related 

losses in JSC for each group is calculated by using 

measured IQE and front-reflection of the solar cell using 

the AM 1.5 spectrum as described in [13,14]. 

Recombination related losses in JSC are extracted based 

upon deviation of measured IQE to the ideal case, using 

the model of Fischer [15] as explained in [14]. JSC-losses 

calculated for selective-emitter solar cell (G1) and 

homogeneous-emitter solar cell (G5) are shown in Figure 

7.  

 The chart suggests that for higher laser fluences as 

used in the selective emitter solar cell group featuring 

laser + drive-in (G1), reflection-related losses can be as 

significant as the recombination related losses in the final 

JSC value of a selective emitter solar cell. The model 

suggests higher shading losses for G1 in comparison to 
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G5. This could be related to a change in surface 

topography due to the laser-doping process, which is also 

suggested by a higher reflection-related JSC loss for G1 in 

comparison to G5. Higher laser fluence is most likely to 

deform the surface texture due to a longer melting of Si 

[16], thereby changing the wetting and flow behaviour of 

the Ag-paste on Si surface, leading to a higher paste 

bleeding during the screen-printing process. Further 

characterization of the contact geometry on differently 

lasered surfaces is necessary in order to prove this 

hypothesis. 

 

 
 

Figure 7: Loss in JSC in the selective emitter solar cell 

group G1 (left) and the homogeneous emitter solar cell 

group G5 (right), due to recombination in the emitter 

region, front-reflection losses, shading due to metal 

contacts and escape reflection-related losses.  

 

4. SUMMARY 

 We fabricated p-type CZ-PERC selective emitter 

solar cells using APCVD-PSG layer as the doping source 

in industrial pilot cell fabrication line of the high volume 

manufacturer SolarWorld Industries GmbH. An APCVD 

tool produced by SCHMID Thermal System Inc. is used 

to deposit PSG and barrier layers. The APCVD 

technology allows the separation of PSG deposition and 

drive-in step in comparison to conventional selective 

emitter cells that use POCl3 as the doping source. This 

allowed us to perform selective doping either before or 

after the thermal drive-in step.  In first demonstration of 

this technology in high-efficiency PERC solar cells, 

conversion efficiencies of up to ƞmax ≈ 21.2% are 

achieved. To the knowledge of authors, this is one of the 

most systematic applications of this technology on 

PERC-type solar cells that have demonstrated with high 

conversion efficiencies.  

 Both selective emitter groups (laser + drive-in & 

drive-in + laser) show an average efficiency 

improvement of 0.2% to the homogeneous emitter group. 

Solar cells featuring laser + drive-in are measured to 

have low ρC values (ρC,mean ≈ 3 mΩ cm2) and a deep 

carrier concentration profile (d ≈ 0.9 µm), hence show 

advantages in both VOC and FF values to the 

homogeneous emitter group. In contrast, ρC-related RS 

losses dominate the FF of drive-in + laser and further 

optimizations in layer properties and laser-doping are 

required. Significant non-linear recombination -related 

losses in FF and VOC are observed for all APCVD-based 

solar cell groups. Finally, the JSC loss of 0.2-0.3 mA/cm2 

for laser + drive-in groups is attributed to the illuminated 

fraction of the highly doped region of the 

selective-emitter solar cell. A loss analysis of JSC using 

QE measurements suggests that for sufficiently higher 

laser fluences, contribution of front-reflection and metal 

shading is significant and should be also considered 

along with the usually reported Auger-related 

recombination in the illuminated fraction of the 

highly-doped emitter region. 
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