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Doping level of the n* emitter region is an essential parameter that controls the
performance of the n'pp" poly-silicon solar cells. Also, most poly-silicon n'pp" solar cell
manufacturers apply hydrogenation from the phosphorus emitter n” side to improve
photovoltaic efficiency. Although hydrogen can passivate defects as well as it changes
initial phosphorus doping level through phosphorus-hydrogen complex formation.
Consequently, phosphorus deactivation can have a harmful effect on photovoltaic
efficiency. In this context, the primary purpose of this work is to investigate the
phosphorus deactivation in n' emitter region and its effect on defects passivation of
hydrogenated n'pp" poly-silicon solar cells. To do this, hydrogenation is performed by
microwave plasma discharge involving an electron cyclotron resonance system. Besides,
hydrogen passivates defects in poly-silicon, at the same time it deactivates phosphorus.
For this reason, we have chosen to separate these simultaneous effects. So, we performed
phosphorus deactivation on Schottky diodes-based mono-silicon, while defect passivation
was operated in n'pp’ poly-silicon solar cells. Our results reveal that hydrogen effectively
deactivates phosphorus dopant. This effect is deeper in Schottky diodes with low initial
phosphorus doping level where hydrogen diffuses easily in the bulk. This behavior is
clearly revealed in open circuit-voltage values (V,.) measured on n'pp” samples. In fact,
solar cells with low phosphorus concentration in n" region revealed 319 mV compared to
230 mV for high doping level. Also, all n"pp" poly-silicon solar cells show a saturation of
V. at high microwave plasma power. Reasons for such case were explained and discussed
in detail.
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1. Introduction

According to recent research, poly-silicon plays a significant role in a photovoltaic solar
cell [1,2]. For such a material whose performance is limited by defects and impurities, it is
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essential to be passivated using hydrogen to get higher energy conversion efficiency [3]. The
gettering process will occur during the phosphorus diffusion required for n'p junction creation [4].
It is a commonly used way of purifying the bulk of silicon wafers. Therefore, most silicon solar
cell producers use hydrogenation from the n” emitter side to further eliminate the remaining
electrically active defects. Hydrogen, on the other hand, reacts with phosphorus dopants to
produce complexes [5, 6]. Consequently, the diffusion of hydrogen will be affected and will be the
same for the passivation of the defects. Thus, efficient passivation of defects is only conceivable if
phosphorus deactivation is understood and appropriately accounted [7,8].

Passivation of defects is usually achieved through the introduction of atomic hydrogen
into silicon. This effect is of considerable complexity and remains a subject requiring much
research to date [9]. However, the simplest picture to present is that hydrogen atoms mainly
saturate the dangling bonds of point or extended defects thus generating an elimination of energy
states in the bandgap space. Relatively, it there have been various studies carried out on the
hydrogenation of silicon [10,11]. For this material, the most efficient hydrogenation process boils
down to brief thermal annealing of a layer of hydrogen-rich silicon nitride (SiN:H) having been
deposited by PECVD on the crystalline silicon surface [12,13].The advantage of this process on
others is the double function of SiN: H namely as an anti-reflective layer and passing on the
surface of the emitters of the solar cells and it is more practical because it also adapts well to the
formation stages of photovoltaic cells [14].

In n'pp" polysilicon photovoltaic structures, exposing the region of the n” emitter to the
flow of hydrogen is a well-accepted technique for the passivation of defects and various impurities
existing within the material. However, the amount of hydrogen introduced into the p region is
greatly reduced by the presence of the n" layer doped with phosphorus [15-17]. Additionally, the
photovoltaic efficiency of an npp’ cell made of polycrystalline silicon is much lower than that of
monosilicon due to high defect concentrations, especially at the grain boundaries of the
polycrystalline material. Consequently, to strengthen the potential offered by the polycrystalline
silicon sector in photovoltaics, it is essential to carry out studies in order to understand the
mechanism of neutralization of phosphorus in the region of the n” emitter for effective passivation
of inter- and intra-grain.

In this work, the principal motivation is to examine the effect of phosphorus deactivation
in n" emitter region on defects passivation of hydrogenated n'pp” poly-silicon solar cells.
Hydrogenation treatments are performed in an MW-ECR reactor where the plasma is generated by
microwave discharge underneath an electron cyclotron resonance. The dopant
activation/deactivation in Schottky diodes was measured via the C-V apparatus by studying the
apparent doping phosphorus profile variation before and after hydrogenation.

2. Phosphorus deactivation and hydrogen diffusion in n-type silicon

Deactivation of donor atoms in silicon was first demonstrated by Johnson et al [18].
According to the literature [19] H' is a dominant species in hydrogen plasma. Moreover, hydrogen
in n-type silicon comes in two atomic forms: H and H® [20]. Firstly, H* would be ionized by
capturing an electron via:

HY*+e” - H° €))

Therefore, H” absorbs a second electron from the surface to become H™ or capture another
H° to form its molecule Ha:

H'+e > H™ )

The H™ ion is then attracted to the ionized P* donor atom to form a neutral complex with
the following equation:
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_ KpH
H™ + P+ =5 PH 3)
where Kpy is the coefficient of mobile hydrogen combination

KPH = 4T[rcDH— (4)
Equation 4 expresses the relative concentration of H™ and H’ and is related to the location
of the local Fermi level [20]:

W) = exp[(Er — Eq)/KsT] )

[H°]

where E; is the acceptor energy level, Er is the Fermi energy level, Kz is the Boltzmann
constant, and T is temperature.
The thermal dissociation of PH complexes is strongly described by the reaction:
KI
PHZS pt4+H-
while K'py is the dissociation coefficient [20].

After this partial dissociation of PH complexes, H absorbs a hole to become H’, as
follows:

H™ +h* > H° (7)

In addition, it is well admitted that the starting phosphorus doping level [Pguing] 1 equal to
the active phosphorus concentration [P'] at room temperature [21]. Consequently, after the
hydrogenation process, the phosphorus deactivation concentration [PH] can be stated as:

[PH] = [Pstarting] - [P+] (8)

The diffusion of hydrogen in n-type silicon follows Fick's law, where in one dimension the
flux J(x) is proportional to the concentration gradient [H]:

Juo(x) = ~Dy- 2] ©)

3[H"] 11 on
—— 4 Dy-[H7] = (10)

n ox

Ju-(x) = —Dy-
where Dy- is the diffusion coefficient of hydrogen in n-type silicon.

For the determination of diffusion coefficients Dy- by measuring the deactivation depth
xy- and the duration of the hydrogenation process ty. Based on a simple approximation:

Xy- = /Dy-ty (11)

The change in neutral complex PH concentrations is expressed by the following equation

amyTotal ol 0+ u-]
at  ox (12)
1 = Kpul[P*IH™] — Kby [PH] (13)

at

3. Capacitance - voltage measurements and extraction of doping
profiles

Measurements of capacitance as a function of voltage C (V) are regularly used, because
they make it possible to determine several parameters characteristic of metal/semiconductor
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structures (Schottky diodes) or n'p (pn junctions) and MOS (Metal Oxide Semiconductor). C (V)
measurements are also very useful because they mainly make it possible to judge the quality of the
structures studied. These measurements can be used to eliminate the contribution of interface
states, when they are present in the determination of the doping profile [22]. In the following
paragraphs, we will discuss briefly the derivations and equations required to extract doping profile
by the C—V method.

_ dos
C= o (14)

The neutrality equation of the semiconductor can be approximated by:
dQs = qgAN,(w)dw (15)
The combination of equations (14) and (15) gives rise to
C =28 = qAN, (W) 5 (16)

We obtain equation (16) by neglecting the term dN,/dV because N, does not vary
beyond the distance dw
On the other hand, the capacity of a plant junction is given by:

KgegA
w

C= (17)

where w is the width of the space charge region.

Ks eo=11.7 x 8.85 x 10" Fm ', A is the surface of the junction K and ¢, are respectively
the dielectric constant of the silicon and the vacuum permittivity [29].

c3

) = e )

(18)

Nyw) = — 2 (19)

a(*
a

)

2 c?
qKseoA v

The treatment of experimental data relating to the characteristic curve Cpeas = £ (Vapp1) With
equations (17), (18) or (19) are sufficient to determine the evolution of the deactivation profiles of
active phosphorus depending on the depth x.

4. Experimental procedure

All Atomic hydrogen is required for effective passivation of defects in poly-Si. Indeed, it
has been demonstrated that in order to passivate defects of in crystalline silicon (Si), atomic H is
considered essential [23,24]. In other words, molecular hydrogen (H,) is rather immobile in Si
[25]. Therefore hydrogen must be introduced into the volume of Si in atomic form. For this
purpose, several hydrogenation methods have been tested and optimized. In the following, the
hydrogenation process is carried out in the MW-ECR plasma reactor of the ICUBE laboratory,
University of Strasbourg, France. It is illustrated in the figure 1. A magnetic field is utilized to
maintain the ECR condition, while 2.45GHz is used to ignite H, gas in the resonant chamber. At
an H, of 30sccm and a hydrogenation time of 60 minutes, the plasma pressure was 0.6Pa. For a
given substrate temperature of 200°C, the microwave plasma power (Pyw) was 650W.

For phosphorus deactivation we employed mono-crystalline silicon wafers (mc-Si) having
Icmx1cm in size, 280 um thick, and uniformly doped with phosphorus at various starting levels.
Prior to hydrogenation, all silicon wafers were cleaned using trichloroethylene (TCE), acetone, and
methanol, treated in dilute hydrofluoric (HF) acid to eliminate native, followed by rinsing in
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flowing deionized water and lastly drying in nitrogen flux. The mc-Si wafers were then
hydrogenated in MW-ECR plasma reactor. Gold contacts of 1 mm diameter were deposited using
a shadow metal mask onto the hydrogenated surface, while aluminum was deposited onto the rear
face to provide an ohmic contact. Then, the Schottky diode was analyzed by capacitance-voltage
apparatus at IMHz and room temperature using a digital Hewlett Packard LCR meter controlled
by a computer. The active phosphorus profile was calculated using these C—V data.

For defect passivation we used poly-silicon films, these films were prepared on thermal
SiO, substrates by the Rapid Thermal Chemical Vapor Deposition (RTCVD) technique at
atmospheric pressure and a temperature of 1080°C, using trichlorosilane and diborane as precursor
and doping gas, respectively. Due to this process, two boron doped layers: p (base region) and p"
(back surface field region) having thicknesses, respectively, of 3um doped at 3x10'® cm™ and
0.5um doped at 5x10" ¢cm™ are superimposed. The emitter n" region was formed by thermal
diffusion of phosphorus at 900°C for 60 min from a doping source P507, P508 or P509. This will
lead to a distribution of atoms based on the complementary error function (erfc) with a surface
concentration ranging from 2x10* to 2x10*'¢cm™ and a junction depth of about 0.5um. Following
the diffusion procedure, the samples are immersed in a HF hydrofluoric acid bath (5%) for two
minutes to eliminate doping source oxide residues. Then, they are rinsed with deionized water and
dried under nitrogen flux. A typical sheet resistance of 30-20 €/sq was measured by the four-point
probe technique on the n’ emitter region. Furthermore, the measurements of the open circuit
voltage (V) on our n'pp" solar cells require the realization of the contacts with the emitter (n")
and the back surface field (p*). However, the presence of the SiO, insulating layer in the structure
requires that all contacts be taken on the front side only, which leads to the formation of a mesa
diode by the SCMP (side-contacted mesa process) process. Access to the p* region was achieved
by reactive ion etching (RIE), where SF, gas etches the n'p layer at a rate of 1,6 um/min, forming
a mesa cell.
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Fig. 1. Planning drawing of the reactor ECR-PECVD used in this work.
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5. Results and discussion

5.1. Active Phosphorus Deactivation Profiles Evolution

The active concentration of phosphorus in monocrystalline silicon is a crucial parameter
for defining the range of use of devices based on this material. Also, it has been shown that
hydrogen (H) easily interacts with phosphorus which gives rise to a modification of their profiles
due to the formation of hydrogen-phosphorus complexes [7]. In Fig.2, we will present the active
phosphorus profile of mc-Si doped with different starting phosphorus level [Pying] from 4x 10" to
2x10"” cm”. Also, the hydrogenation conditions are shown. We can observe the uniform
phosphorus profile of the non-hydrogenated wafers. However, hydrogenation treatments affect the
distribution and phosphorus level. In fact, our results show that increasing the starting phosphorus
level of the samples leads to a reduction in the hydrogen-phosphorus diffusion fronts Xe,
indicating the deep diffusion of hydrogen atoms in the bulk silicon with (1/[Pg,..]). We notice that
Xe =0.75, 1.25, 3.68 and 9.93um for [Py,] = 2x10", 7x10"7, 2x10"° and 4x10"cm™, respectively.
Also, the deactivation depth increased with the decreased of the starting phosphorus concentration.
Consequently, our results show a hinder diffusion of hydrogen in the bulk of our samples.
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Fig. 2. Active phosphorus concentration profiles of hydrogenated of mc-Si wafers with different starting
phosphorus level [Py, ] : (a) 4x 107, (b) 2x 10”,(c) 7 x 10" and (d) 2 x 10"cm™.

Furthermore, our results show that for a specified quantity of hydrogenation, the
concentration of neutralized phosphorus is directly proportional to the initial phosphorus
concentration. So, the decimal logarithm of inactive phosphorus concentration (log[PH])
calculated at a depth of Xe in samples as a function of decimal logarithm of the starting
phosphorus concentration (10g[Pgaring]) 1s shown in Fig.3. It assists to estimate the difficulty in
diffusion of hydrogen in our n-type silicon. Hence, at higher concentrations of phosphorus, the
[PH] tends to saturate.
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Fig. 3. Decimal logarithms of deactivated concentration of phosphorus at Xe depth versus the starting
phosphorus concentration.

In order to demonstrate our statements, we calculated the diffusion coefficients in our
samples corresponding to depth Xe through the relation (11). The results are shown in Fig.4. It
reveals that phosphorus existence affects the diffusion coefficient (Dy’) inversely, precisely for n-
type silicon because of hydrogen—phosphorus complexes formation. These observations are in
close agreement with those reported in the literature [20,26].
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Fig. 4. Hydrogen diffusion coefficients calculated in mc-Si wafers doped with different phosphorus levels.

Analysis of all the research available in the literature shows that the interaction of
hydrogen with silicon does not seem to be a simple phenomenon but rather more complex. In
addition, the solubilities of the different species depend on the hydrogenation method used to
amalgamate the hydrogen in silicon (molecular hydrogen atmosphere, hydrogen plasma,
deposition of hydrogen-rich layers such as SiN:H , ion implantation, electrochemical solution, etc.)
which is often difficult to characterize. Nevertheless, it is often reported that depending on the
position of the Fermi level, atomic hydrogen in silicon can be in a positive, negative, or neutral
charged state. Also, the presence of molecular hydrogen (H,) has often been cited. As a result, at
least three species appear to be present in n-type silicon (H,, H’ and H’). Their stability is
determined from the hydrogenation method chosen [27, 28] while the quantity relative to each
species varies with the temperature and the doping level. Furthermore, we assume that at a given
temperature, the diffusivity relative to each species in intrinsic silicon increases according to the
order of the species classified below: H,, H’ and H™ in type n. Actually, it is well-known that the
principal species in MW-ECR plasma system is H™ which impinges the substrate surface as a
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result of magnetic field and sheath potential [29]. Also, above ambient temperature the charge
state of hydrogen (H', H and H") depends on the Fermi level position in the band gap of silicon
and H' changes to H™ through the state configuration of H” [30,31]. In addition, it is possible that
H° captures an electron or another H to produce respectively hydrogen negative or its molecule.
These molecules seem as platelets at the subsurface layer of silicon [32-34]. Because platelet
nucleation occurs at phosphors sites, the platelets concentration improves monotonically as
silicon’s phosphorus content increases [35]. Furthermore, Huang et al. has reported that platelets
size depends on the hydrogen diffusivity in the silicon although the platelets reduce the in-
diffusion of hydrogen [26]. Thus, based on what that mentioned above, we can state that hydrogen
H' absorb an electron at the sample surface to become H” (H" + ¢ — H") and the H® would be
ionized by capturlng a free electron (H’ + ¢ — H’) and then phosphorus deactlvatlon would
progress with H + P — PH. When phosphorus concentration increases, the densities of H’ and H’
become significant. This resulted in high amounts in phosphorus deactivation and larger
dimension of platelets. So, the platelets prevent hydrogen from diffusing deeply into the samples.
However, decreasmg the phosphorus concentration induces a low amount of H™ and probably a
dispersion of H’ on the sample surface. Therefore, the platelets amount will be little, which allows
H' diffusion as well as a deep phosphorus deactivation in silicon.

5.2. Defects Passivation Behavior

Grain boundary activity can be demonstrated by measuring the open-circuit voltage (V)
on n'pp’ polysilicon (poly-Si) solar cells. The results obtained are shown in Table 1. It is clearly
seen that the V. values measured are much lower for P5S09 compared to P507. This observation is
explained by the fact that during emitter formation on polycrystalline films, two phenomena are
responsible for improving the electrical properties of the material. This is the passivation by
phosphorus of grain boundary defects and removal of impurities by Getter effect from the poly-Si
bulk to inactive areas of the device [36,37]. However, increasing the phosphorus doping level in
emitters region give rise a high surface recombination velocity leading to the degradation of V.

Table 1. Open-circuit voltage measured on polysilicon based solar cells for 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
Poly-Si :n'pp" 170+ 5 155+5 125+5

The influence of microwave plasma power Pyw on the cell device parameters was studied.
Open-circuit voltage (V,.) is measured as a function of microwave plasma power (Pyw). Results
are shown in Fig.5.
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Fig. 5. Open-circuit voltage versus MW plasma power measured on pc-Si n'pp* mesa cells.
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A considerable and continuous increase of V. was observed for the three doping sources,
P507, P508, and P509 of the n" emitter region, after 60 min of hydrogenation treatment at 200°C.
As mentioned, the V. values are higher for P507 than for P508 or P509. This behavior is induced
by the decrease of hydrogen diffusion due to the formation of PH complexes. Also, we can see the
tendency of V. to saturate at high microwave plasma power for all cells. This situation is probably
related to the accumulation of molecular hydrogen beneath the n” surface, which strongly hinders
the hydrogen diffusion in the bulk [17,35]. As reported in other works [38,39], the improvement in
open circuit voltage after hydrogenation is mainly due to the neutralization or passivation of
defects at grain boundaries and inside the grains (dislocations) of polycrystalline silicon films.
This is accomplished by the fact that high doses of atomic hydrogen diffuse across the surface of
the n” emitter into the silicon volume from the plasma environment. The latter, according to [40],
is the seat of considerable quantities of H°, H" and H,.

6. Conclusion

In this work, we investigate the effect of phosphorus deactivation in n" emitter region on
defect passivation of hydrogenated n'pp’ poly-silicon solar cells. To do this, we suggest to
examine separately these two effects. Thus, we carried out MW-ECR plasma hydrogenation
treatments on n'pp’ poly-silicon solar cells and Schottcky diodes-based mono-silicon to follow
respectively the open-circuit voltage (V,.) behavior and the phosphorus deactivation profile
evolution. Our results show that V. values increase significantly when the microwave plasma
power (Pyw) is high. V. is considerable for low doped emitter region. This behavior is correlated
to phosphorus deactivation by hydrogen. In fact, phosphorus impedes hydrogen diffusion in bulk
of cells due to the formation of PH complex. As well, we observed V. saturation at high Py.
This observation is as expedite as the initial phosphorus concentration in emitter is high. This
finding is explained by the formation of molecular hydrogen plans closer to the silicon surface
called platelets, which increase with increasing phosphorus concentration. In this case, H"
becomes H' to promote interaction with another H® instead of gaining an electron to convert to a
negative ion H, the primary diffusion species in n-type silicon. As well, this statement is further
confirmed with the values of hydrogen diffusion coefficient Dy estimated at the hydrogen-
phosphorus diffusion fronts. Finally, due to the vast complexity of hydrogen diffusion and
phosphorus deactivation in the highly inhomogeneous material polycrystalline silicon, several
issues are still open for future investigation in order to fully understand the abilities and limitations
of defects passivation. Hopefully, the results presented in this work gives a contribution to this
understanding.
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