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A significant cost reduction in photovoltaic cells could be achieved if they could be made 
from thin polycrystalline silicon (poly-Si) films. Despite hydrogenation treatments of 
poly-Si films are necessary to obtain high energy conversion, the role of the n+ emitter on 
defects passivation via hydrogen diffusion in n+pp+ polysilicon solar cells is not yet 
understood thoroughly. In this connection, influence of hydrogenation temperature and 
doping level of the n+ emitter on open-circuit voltage (VOC) were analyzed.  It was found 
that VOC greatly improved by a factor of 2.9 and reached up to 430 mV at a microwave 
plasma power and hydrogenation temperature of 650 W and 400°C, respectively for a 
duration of 60 min. Moreover, slow cooling is more advantageous for high VOC compared 
to the rapid cooling. However, etching of the emitter region was observed, and this 
degradation is similar for both cooling methods. Furthermore, annealing of the 
hydrogenated cells in inert gas for 30 min revealed a slight increase in VOC, which reached 
40-80 mV, depending on the annealing temperature. These results were explained by 
hydrogen atoms diffusing into the bulk of the material from subsurface defects that are 
generated during plasma hydrogenation process. Also, our findings show clearly that VOC 
values are much higher for a less doped phosphorus emitter compared to that of heavily 
doped. The origin of these behaviors was clarified in detail. 
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1. Introduction 
 
The rapid increase in global energy demand is encouraging the development of 

photovoltaic energy. However, it must meet two challenges: low cost and high conversion 
efficiency [1-3]. These last two qualities can be achieved by referring to solar cells based on 
polycrystalline silicon provided that the activity of inter- and intra-grain defects is effectively 
passiveted by hydrogen [4,5]. To enhance the potential of thin polysilicon (poly-Si) films in 
photovoltaic applications, it is imperative to passivate the electrical activity of grain boundaries 
that results in higher energy conversion efficiency. This is commonly achieved by incorporating 
atomic hydrogen into the poly-Si films [6, 7]. For common solar cells, the widest hydrogenation 
techniques employ the immersion of n+pp+ cells in a dense hydrogen plasma followed by a 
deposition of a hydrogen-rich silicon nitride (SiNx: H) passivation layer that serves simultaneously 
as an antireflection coating [8]. Despite plasma hydrogenation contributes to a large improvement 
in the electronic properties of thin n+pp+ polycrystalline silicon cells, it simultaneously induces an 
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etching of the emitter region (n+) [9]. However, we showed in our previous works [10, 11] that 
microwave plasma power around 650 W involving an electron cyclotron resonance (MW-ECR) 
induces an efficient passivation of defects with low damage of the emitter region (n+). But a few 
works reported the direct effect of the n+ emitter region on defects passivation in hydrogenated 
n+pp+ cell structures and hydrogen diffusion in the polysilicon solar cell. However, hydrogenation 
conditions such as temperature, plasma power, doping level, etc., have a significant impact on the 
effective passivation of the defects in the poly-Si device. The understanding of kinetics behind the 
defect passivation by hydrogen with respect to processing conditions is very much important to 
form a basis for improving the efficiency of poly silicon based solar cells. 

In this context, it is aimed to study the hydrogenation process of thin film polycrystalline 
n+pp+ silicon cells using MW-ECR plasma system in the present work. The influence of the 
substrate/hydrogenation temperature on the efficiency of defect passivation of the emitter region 
for its different doping level under slow and fast cooling rates as well as emitter surface etching 
was investigated. The passivation effectiveness was witnessed through the open-circuit voltage 
measured on the mesa structures of n+pp+ poly-Si films, while the etching process is monitored via 
optical interferometric microscopy and sheet resistance (Rsq) of the n+ emitter region.  

 
 
2. Experimental procedure 
 
All the hydrogenation experiments were carried out using MW-ECR plasma system of the 

ICUBE (formerly InESS) laboratory, Strasbourg University, France. A schematic of such a system 
has been shown elsewhere [12]. Hydrogen gas was excited by the 2.45 GHz microwave in a 
resonant chamber, where a magnetic field is applied to maintain the electron cyclotron resonance 
(ECR) condition. The microwave plasma power was 650 W and H2 flow was maintained at a 
constant rate of 30 sccm. The substrate temperature, TH was varied from 200 to 500°C for a fixed 
hydrogenation time of 1 hour. The highly defective polysilicon films were produced on thermally 
oxidized silicon wafers by chemical vapor deposition at 1000°C using the trichlorosilane gas as a 
silicon precursor. The p- and p+-silicon layers were obtained by in-situ doping with boron using 
hydrogen diluted diborane gas. The average thickness of the deposited p+ and p layers is 2 µm 
(5×1019 cm-3) and 5 μm (3×1017 cm-3), respectively. A conventional diffused homojunction (HMJ) 
emitter was used in this work. In the HMJ process, the emitter, n+ region is formed by thermal 
diffusion of phosphorus at 900°C for 30 min using doping sources such as P507, P508 and P509. 
This results in a distribution of P atoms according to the complementary error function (erfc) with 
a surface concentration ranging from 2×1020 to 2×1021  

cm-3  and a junction depth of about 0.6 μm.  
After the diffusion process, the samples were subjected to a wet chemical solution to 

remove the residual of dopant oxide layers. Sheet resistance of the emitter was measured using a 
four-point probe technique, which was in the range of 50 to 200 Ohm/sq.  Side-contacted mesa 
structures were defined to study the performance of the solar cell device. Access to the p+ back 
surface field region was made by reactive ion etching (RIE), where SF6 gas etches the n+p with a 
rate of 1.6 µm/min, thus forming a mesa cell. The samples were then loaded in the MW-ECR 
plasma system for hydrogenation treatments. In order to avoid the out-diffusion of hydrogen 
during the cooling phase, we applied two methods: the first one was a rapid cooling and the second 
was a slow cooling where the hydrogen plasma was maintained approximately from 10 to 20 min 
until the substrate temperature reaches 150°C. Finally, some hydrogenated cells were subjected to 
thermal annealing in the temperature range from 100 to 700°C for 30 min in a tube furnace under 
nitrogen (N2) atmosphere. 

 
3. Results and discussion 
 
3.1. Effect of the substrate temperature 
The influence of substrate temperature, hydrogenation temperature, TH on the solar cell 

device parameters was studied. Fig. 1 plots the open-circuit voltage of hydrogenated n+pp+ mesa 
cells versus TH in the range, 200 - 500 °C for a fixed microwave plasma power, hydrogen gas flux 
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and hydrogenation time of 650W, 30 sccm and 60 min, respectively. Thermal diffusion of 
phosphorus to form the emitter region n+ was at 900°C during 60 min from doping source P507. 
Curve A corresponds to fast cooling after hydrogenation while curve B corresponds to slow 
cooling under hydrogen plasma. 

 
 

 
 

Fig. 1. Open-circuit voltage versus hydrogenation temperature measured on pc-Si n+pp+ mesa cells. 
 

The curve A corresponds to rapid cooling of the samples from the plasma reactor chamber, 
while curve B is slow cooling, where hydrogen plasma was maintained during the cool-down 
phase until the TH reached to 150°C and then removed out. The aim of such experiments (slow 
cooling) was to avoid the out-diffusion of hydrogen from the cells to the plasma ambiance and to 
trap the maximum concentration of hydrogen atoms in silicon matrix. For both operating 
conditions, the open circuit voltage improved drastically from 150 mV (before hydrogenation) to 
430 mV after plasma hydrogenation at 450°C. This is indicative of an efficient passivation by 
hydrogen atoms of grain boundaries and intra-grains defects in our fine-grained poly-Si film. This 
could be explained by the temperature dependent diffusion constant of hydrogen atoms in silicon 
that led to higher diffusion lengths at higher temperatures. Above 450°C, VOC began to saturate, 
resulting from a competition between in-diffusion and out-diffusion of hydrogen into silicon [12]. 
Comparison of curves A and B of figure 1 shows that fast cooling is not advantageous to achieve 
higher VOC, especially at moderate substrate temperatures (TH <350°C). Slow cooling could be 
favorable to the better incorporation of hydrogen atoms into the silicon matrix leading to slightly 
higher VOC values compared to those obtained for rapid cooling process. According to Wilking et 
al. [13], higher cooling rates would reduce out-diffusion of hydrogen from silicon and result in an 
elevated hydrogen bulk concentration. In this case, it is important to understand why rapid cooling 
steps result in lower VOC values compared to that obtained for slow cooling under hydrogen 
plasma. Assuming that improvement in open-circuit voltage is due to the passivation of defects by 
hydrogen diffused from the plasma but not to the defects structure change at the grain boundaries 
induced by temperature, the observed difference in VOC values in the temperature range 200-350°C 
can be either due to the formation of subsurface defects as platelets [14, 15] or to the substantial 
etching of the n+ emitter surface [10, 15]. As explained [14, 15], degradation of the surface and/or 
the generation of subsurface defects that result from the accumulation of diatomic hydrogen (H2) 
located at a depth of 100 nm from the n+ surface are harmful to the silicon based solar cells.  

In order to gain a better understanding of the annealing effects on the n+pp+ poly-Si mesa 
structures, non-hydrogenated and hydrogenated at 200°C with a slow or fast cooling down were 
thermally annealed in the temperature range from 100 to 700°C for 30 min in a tube furnace under 
nitrogen (N2) atmosphere. The measured VOC with respect to cumulative annealing is plotted in 
Fig. 2. The hydrogenation conditions are indicated. 
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Fig. 2. Open-circuit voltage vs annealing (under nitrogen ambient) temperature of hydrogenated n+pp+  

poly-Si mesa structures with slow and fast cooling methods. 
 
 

As can be seen, for the annealing at temperatures in the range between 100 and 400°C, the 
hydrogenated n+pp+ structures with the slow cooling resulted in a little improvement in VOC (ΔVOC 
~ 40 mV), while a significant improvement (ΔVOC ~ 80 mV) is observed for rapid cooling method. 
However, at higher annealing temperatures, a continuous decrease in VOC is observed, resulting 
from the out-diffusion of hydrogen from the cells. As a result, a progressive return of open-circuit 
voltage to its initial values could be noticed. Moreover, thermal annealing of the non-hydrogenated 
n+pp+ structures under pure nitrogen did not result in any improvement in VOC. Thus, the observed 
increase in the open-circuit voltage is due to the passivation of defects induced by hydrogen atoms 
diffusing into the bulk of material from subsurface defects caused during MW-ECR plasma 
hydrogenation process. Measurements of the emitter sheet resistance (Rsq) of the n+pp+ structures 
by the four-point probe technique showed an increase by a factor of 3 to 8 after MW-ECR plasma 
hydrogenation for slow and rapid cooling down processes. Before hydrogenation, a sheet 
resistance value of 30 Ohm/sq was measured.  

 

 
 

Fig. 3. Etched layer thickness and the difference in emitter sheet resistance without and with  
hydrogenation versus substrate temperature, TH. The hydrogenation conditions are indicated.  

 
 

In Fig.3, the etched layer thickness and the difference in emitter sheet resistance before 
and after hydrogenation as a function of the substrate temperature is shown. Note that a slight 
etching of the n+ region was measured at higher TH and it was accompanied with little increase in 
emitter sheet resistance. This result is in good agreement with the reported results [16].    
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These observations could be explained by referring to the literature [17, 18], where it has 
been confirmed that etching of the silicon surface in the presence of hydrogen plasma is a 
competition between electron enhanced etching of the silicon surface and redistribution of silicon 
from electron induced decomposition of the etch product. This usually involves the presence of 
hydrogen molecular H2 on the silicon surface, via reaction between hydrogen and the silicon atoms 
to form an adsorbed product molecule, and finally desorption of the product molecule into the gas 
phase. The consequence of the above processes are largely determined by both electrons and ions 
energies. During hydrogenation by MW-ECR technique, the electrons in plasma act as the agents 
that absorb the microwave energy. The ionization of hydrogen species will occur by a collision 
with the energetic electrons resulting in the formation of H+ like a dominant fraction in the plasma. 
Consequently, the electron and the ion H+ energies will be low [19]. The incident ions impinging 
on the n+ emitter surface in contact with plasma are usually caused by the divergent magnetic field 
and the sheath potential originating from the differences in ion and electron velocities. Thus, the 
density of the H+ atomic hydrogen ions reaching the surface of the sample will be significant 
where they will be immediately converted into H0 by reaction with electrons given by the n-type 
dopant in the n+ region. At higher TH, H0 species have a very high diffusion coefficient with 
respect to the capture of an H0 to give H2. Therefore, it diffuses towards the p region without any 
Coulomb barrier to overcome. In such a case, electron induced etching via hydrogen molecules on 
silicon surface might be diminished. Therefore, in the present investigation, a decreasing trend of 
etching level with the increase of TH was observed. However, at lower TH , H0 diffuses slowly and 
therefore the interactions with another H0 to form H2 on the silicon surface or in the subsurface are 
more important than for higher TH , increasing each rate through a longer average time spent on the 
surface for the reactive species. In such a case, electron induced etching prevails, which is obvious 
at lower TH in the present study as shown in Fig.3. 

 
3.2. Effect of the doping level of the n+ emitter region 
The doping level of the emitter region also played an important role on the defects 

passivation in our polysilicon solar cells and the results are given in Table 1. Indeed, before 
hydrogenation, the results show that the open-circuit voltage (VOC) of n+p monosilicon structures 
(mono-Si) is not influenced by the conditions of the emitter formation in contrast to the n+pp+ 
poly-Si solar cell structures. Certainly, VOC is higher for a deep emitter compared to a shallow one. 
This is can be explained by the fact that during emitter formation on polycrystalline films, two 
phenomena are responsible for improving the electrical properties of the material. One is the 
passivation by phosphorus of grain boundary defects and the other is removal of impurities by 
Getter effect from the poly-Si bulk to the inactive areas of the device [20, 21].  

 
 

Table 1. Open-circuit voltage measured on monosilicon and polysilicon based solar cells for three 
different doping sources P507, P508 and P509. Thermal diffusion of phosphorus to form the emitter 

region n+ was performed at 900°C during 60 min. 
 

 Open-circuit voltage : VOC (mV)  
Doping sources P507 P508 P509 
Mono-Si : n+p 550 ± 10 550 ± 10 550 ± 10 
Poly-Si : n+pp+ 213 ± 5 190 ± 5 155 ± 5 

 
 
After hydrogenation of the n+pp+ poly-Si solar cells, Voc was measured as a function of 

substrate temperature for all the doping levels of the n+ region. Effectively, figure 4 shows that a 
significant and continuous increase of VOC could be observed after hydrogenation at T=450°C for 
1 hour, for all the three doping sources P507, P508 and P509 used to form the n+ emitter region. 
This enhancement of VOC is due to hydrogen passivation of grain boundary defects and 
suppression of band tails that act as barriers for majority carriers and recombination sites for 
minority carriers. As reported in other work [22], the enhancement of the open-circuit voltage after 
hydrogenation is mainly due to the neutralization or passivation of the defects at the grain 
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boundaries and inside the grains (dislocations) of polysilicon films. This is accomplished by the 
fact that high doses of atomic hydrogen diffuse through the surface of the n+ emitter into the bulk 
silicon from plasma environment. The latter, according to [23], is the seat of a considerable 
amount of H0, H+ and H2 

However, the measured VOC values are higher for P507 than for P508 or P509. In addition, 
hydrogenation efficiency on the emitter doping level is more evident in terms of VOC values at 
lower substrate temperatures (TH <350°C), whereas at higher TH values, the change is nominal. 
Indeed, at TH = 500°C the VOC is close to 440mV and for all the doping sources, while at TH = 250 
° C, it is of the order of 339, 330 and 280 mV for doping sources of P507, P508 and P509, 
respectively. The results imply that the n+ emitter region, doped with phosphorus, plays an 
important role in the efficiency of passivating defects in polysilicon. Also, our results are in good 
agreement with those reported elsewhere [24-27] wherein it was observed that hydrogen diffusion 
in the bulk of silicon is well prevented when the phosphorus concentration is high in the material. 
However, the mechanism which explains the hindrance in the diffusion of hydrogen throughout 
the sample is not yet properly understood.  In order to accurately analyze the effect of phosphorus 
doping level of the n+ emitter on the diffusion of hydrogen in the bulk of our cells, we used an 
approach to examine the process of phosphorus deactivation by hydrogen in monosilicon. Since 
monosilicon is free of defects and is easy to use as a base material for Schottky diodes, then 
extract the phosphorus doping profile through capacitance–voltage measurements (C-V) before 
and after hydrogenation of these Schottky diodes. 

 
 

 
 

Fig. 4. Effect of the doping level of the n+ emitter region on the open circuit voltage measured on n+pp+ 
poly-Si solar cells. The hydrogenation time is 60 min and the MW plasma power is 650 W. 
 
 
The substrates used for this study are uniformly phosphorus doped [100]-oriented float 

zone grown monocrystalline silicon (FZ-Si) wafers with different concentrations Np, 280µm thick 
and 1cm×1cm in size. Prior to hydrogenation all the silicon wafers were degreased using 
trichloroethylene (TCE), acetone, and methanol, treated in dilute hydrofluoric (HF) acid for 
removal of native oxide, then rinsed in running deionised water and finally dried into nitrogen 
flux. The wafers were then hydrogenated in MW-ECR plasma system. Gold contacts of 1 mm 
diameter were deposited using a shadow metal mask onto the hydrogenated surface, while 
aluminium was deposited onto the rear face to provide an ohmic contact. Then, C–V 
measurements were performed on the Schottky diodes at the frequency of 1 MHz and room 
temperature using an LCR meter (Hewlett Packard). The active donor concentration profile was 
extracted from these C–V measurements. The active phosphorus profiles in the Schottky diodes 
with starting concentrations ranging from 4×1014 to 4×1017 cm-3 are shown in figure 5 for the 
hydrogenation condition at a fixed microwave power, substrate temperature and process duration. 
The uniform concentrations of phosphorus in the non-hydrogenated control samples are also 
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shown. The data reveal that increasing the initial phosphorus concentration NP of the samples leads 
to a decrease in the hydrogen phosphorus diffusion fronts Xe, representing the deep diffusion of 
hydrogen atoms in the bulk silicon with (1/NP). We find that Xe = 0.08, 0.15, 2.75 and 11.65 µm 
for NP = 4×1017, 1×1017, 2×1016 and 4×1014 cm-3, respectively. Also, it could be observed from 
Figure 5 that the phosphorus deactivation rate is almost uniform over all neutralization depths. 
However, close to the device surface, we noticed an inclination of the doping profiles which 
confirms a decrease in the concentration of activate phosphorus probably due to accelerated 
formation of PH complexes, whereas in regions far from the surface, a slight decrease in active 
phosphorus concentration has been noted. It is detected that for a particular amount of hydrogen, 
the concentration of neutralized phosphorus in silicon is directly proportional to the concentration 
of phosphorus. The inactive concentration of phosphorus (NIn) measured at a depth of Xe in our 
samples as a function of initial phosphorus is shown in Fig. 6, which helps to estimate the 
difficulty in apparent diffusion of hydrogen. At higher concentrations of phosphorus, the NIn tends 
to saturate. 

 
 

      
 

      
 

Fig. 5. Profiles of active phosphorus concentration in hydrogenated Schottky diodes on FZ-Si doped at 
concentrations Np: (a) 4×1014cm-3, (b) 2×1016cm-3, (c) 1×1017cm-3 and (d) 4×1017cm-3. 
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Fig.6. Inactive phosphorus concentration NIn at the depth close to Xe  
depending on its initial concentration Np. 

 
 
The charge state of hydrogen (H+, H- and H0) in silicon depends on the Fermi level 

position in the band gap and charge change, H+↔H-, through the state configuration of H0 as 
elaborated in the literature [28-30]. Furthermore, it was reported that H0 can capture an electron or 
another H0 to give respectively H- or H2 [28, 30]. Although, H0 and H- have an extremely high 
diffusion coefficients in n-type silicon, hydrogen could be trapped in silicon by other hydrogen 
atoms resulting in the formation of hydrogen molecules, H2, located in the subsurface layer as 
platelets [31-33]. Because platelet nucleation occurs at phosphors sites, the increasing of 
phosphorus content in silicon enhances monotonically the platelet concentration [34]. Also, Huang 
[35] has reported the dependence of the hydrogen diffusivity upon the average size of the platelets 
and suggests that the in-diffusion of hydrogen is suppressed by the platelets. Consequently, H+ 
absorb an electron at the sample surface to become H0 (H+ + e- → H0) and the H0 would be ionized 
by capturing a free electron (H0 + e- → H-) and then phosphorus deactivation would progress with 
H- + P+ → PH. When phosphorus concentration increases, the densities of H0 and H- become 
important. This resulted in high amounts in phosphorus deactivation and larger dimension of 
platelets. So, the platelets impede the deep diffusion of hydrogen into the samples. However, 
decreasing the phosphorus concentration induces a low amount of H- and a dispersion of H0 on the 
sample surface. Therefore, the platelets amount will be little, which allows diffusion of both 
species H- and H0 as well as a deep phosphorus deactivation in silicon. To prove our arguments, 
we calculated the hydrogen diffusion coefficients in our samples corresponding to depth Xe 
through the relationship Xe = (DH × tH)0.5 where DH and tH are the diffusion coefficient and the 
hydrogenation duration, respectively. The results are listed in table 2. As already mentioned above, 
a high hydrogen diffusion coefficient is obtained for the samples with low phosphorus 
concentration, which confirms a deep penetration of hydrogen in our silicon films. These 
observations are in good agreement to those reported in the literature [35, 36]. Also, the values of 
DH are close to those reported in the literature [36] and are consistent with their evolution. 

 
 

Table 2. Calculated of hydrogen diffusion coefficients in [100]-oriented float-zone grown  
monocrystalline silicon wafers with different initial phosphorus concentrations 

 
Initial phosphorus concentration Np (atm.cm-3) Xe(µm) DH (cm2.s-1) 
4×1014 11.65 3.2×10-11 
2×1016 2.75 7.6×10-12 
1×1017 0.15 4.2×10-13 
4×1017 0.08 2.2×10-13 
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4. Conclusion  
 
In this work, the effect of the n+ emitter region on defects passivation in thin film 

polycristalline silicon solar cells has been studied. As a test structure, n+pp+ mesa solar cells were 
made on fine-grained polysilicon films and submitted to hydrogenation treatments. The 
hydrogenation is done by exposing the n+ emitter to the hydrogen flux, which is obtained by 
microwave plasma discharge assisted by electron cyclotron resonance (MW-ECR). Influence of 
the substrate temperature under slow and rapid cooling processes on the defects passivation and 
emitter surface etching were thoroughly analyzed. The effectiveness of the passivation is 
witnessed through the changes in open-circuit voltage (VOC) as measured on the n+pp+ mesa 
structures, while the surface quality is monitored via the sheet resistance (Rsq) and the optical 
morphology of the n+ emitter region.  

We found that slow cooling at the end of the hydrogenation treatments is more 
advantageous to achieve higher VOC ’s because it could be favorable for a better arrangement of 
hydrogen atoms into the silicon matrix, leading to a moderate higher VOC value compared to rapid 
cooling. Also, a large improvement in the VOC and a slight damage of the n+ emitter surface has 
been observed at higher TH. This is explained by considering the coexistence of both the diffusion 
of atomic hydrogen in the bulk of the poly-Si and the formation of platelets via molecular 
hydrogen, which contributes to the etching of silicon atoms once desorption molecules are 
produced. Indeed, as the substrate temperature decreases, hydrogen diffuses slowly and 
consequently, a significant increase in the density of the subsurface defects. In such a case, the 
defects passivation will be weak and the etching of the n+ emitter surface will be high. At lower 
TH, the hydrogen diffusion becomes even weaker and platelets density becomes, in turn, elevated. 
However, thermal annealing of the hydrogenated n+pp+ structures under nitrogen ambient provided 
and evidence that the subsurface defects could act as a source of hydrogen atoms for additional 
passivation of defects in the bulk of the cells.   

As a final point, our results provide evidence that n+ emitter region, doped with 
phosphorus, plays an important role in the efficiency of passivating defects in the n+pp+ polysilicon 
solar cells. In fact, we found that hydrogen diffusion in the bulk of silicon is well prevented when 
the phosphorus concentration is high in the material. This behavior was accurately demonstrated 
by phosphorus-hydrogen (PH) complexes formation in monosilicon based Schottky diodes via C-
V measurements. Furthermore, our approach enabled to estimate the hydrogen diffusion 
coefficients in our samples, where we found that high hydrogen diffusion coefficient DH has been 
obtained for samples with low phosphorus concentration. 
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