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The production of pn junctions is one of the main subjects of the photovoltaic industry. This
dissertation explores a novel method for fabricating junctions in crystalline silicon, which has the
potential to reduce its cost.
The method consists in replacing the �rst step of the conventional two-step production method

involving high temperatures (between 900 ◦C and 1000 ◦C) for a prolonged time, by a process at
lower temperature for a shorter time, implying economies in time and energy. This is achieved by
pre-deposition of a highly doped hydrogenated amorphous silicon thin �lm on a crystalline silicon
wafer containing the opposite type dopant. The increase in temperature allows the dopant contained
in the amorphous silicon to di�use to the crystalline silicon, creating the pn homojunction inside
the wafer.
In this work, the four manufacturing steps are presented and developed: the a-Si:H pre-deposition

by Plasma Enhanced Chemical Vapour Deposition and subsequent dehydrogenation of the �lm at
intermediate temperatures (350 ◦C to 550 ◦C), the "drive-in" step and its implication on the �nal
junction depth and �nally the removal of the pre-deposited layer. Particular emphasis was given on
the study of the dehydrogenation and "drive-in" steps of the production method.
Solar cells were produced using this principle and then characterized. Without doing extensive

optimization work, an e�ciency of 3.4 % has been achieved.

I. INTRODUCTION

In 2011, 87 % of the world's energy consumption was
based in the consumption of fossil fuels (oil, coal and nat-
ural gas) [1], which have two main problems: their con-
sumption pollutes the environment and they exist in a
limited quantity. The development of renewable sources
appears as a very attractive and even necessary solution
to these issues. Each year the earth's surface receives
67000 GTOE (Gigatons of Oil Equivalent) of energy from
the solar radiation, which is around 5500 times more than
the worldwide consumption in 2011 [1]. This abundant
solar resource justi�es the large interest in it and recent
developments to harness this energy are quite encourag-
ing, particularly in the photovoltaic industry.
The development of photovoltaics depends largely in

its economic competitiveness in comparison to other
sources and both researchers and engineers are struggling
with two problems to improve this technology. On one
hand, solar cells should achieve higher e�ciencies and, on
the other hand, production should become less expensive.
In this work, an innovative method is presented, which

has the potential to reduce the fabrication cost of a crys-
talline silicon pn homojunction, and hence the �nal price
of a crystalline silicon solar cell. This novel method con-
cerns the pn junction fabrication itself, not a�ecting the
fabrication of wafers in any way, which is also an im-
portant factor in the price of a solar cell. Given a lightly
doped crystalline silicon wafer, this novel method for fab-
ricating pn homojunctions consists in four main manu-
facturing steps:

1. A highly doped hydrogenated amorphous silicon (a-
Si:H) thin �lm is deposited on the crystalline silicon
(c-Si) wafer by Plasma Enhanced Chemical Vapour

Deposition (PECVD). The dopant in this new layer
must be of the opposite type than the one in the
wafer.

2. The sample is carefully heated to intermediate tem-
peratures (350-550 ◦C), allowing the incorporated
hydrogen to leave the a-Si:H thin �lm without caus-
ing any damage.

3. The sample is heated to higher temperatures (900-
1000 ◦C), causing the highly concentrated dopant
contained in the amorphous �lm to di�use into the
crystalline wafer. This creates the pn homojunc-
tion.

4. Finally, the pre-deposited amorphous layer is re-
moved. The crystalline pn homojunction is left
clean.

The pn junction obtained with this process can be used
for photovoltaic solar cells, but also transistors and other
devices. Although the scope of this work is the pro-
duction of the pn junction and it's application to solar
cells, this work is part of a larger project from the Labo-
ratório de Materiais Semicondutores e Conversão de En-
ergia (LMSCE), which also includes the detailed study
of applying this method to bipolar and MOS transistors
fabrication.
All the experimental part of this work was done at

LMSCE, which is located in the Interdisciplinary Com-
plex from Instituto Superior Técnico, in Lisbon. Chap-
ters two, three and four of this work are descriptive. All
experimental results are found in chapters �ve, six and
seven. This work has motivated:

· One publicaton:
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A. de Calheiros Velozo, G. Lavareda, C. Nunes de
Carvalho and A. de Amaral, Thermal dehydrogena-
tion of amorphous silicon: e�ect of the substrate
temperature during deposition Physica Status So-
lidi C, Vol. 9/10 - 11/2012, page 2198-2202 (2012)

· Two papers which have been submitted and are un-
dergoing the review process:

A. de Calheiros Velozo, G. Lavareda, C. Nunes de
Carvalho and A. de Amaral, Thermal dehydrogena-
tion of amorphous silicon: a time-evolution study
(submitted to Thin Solid Films on September 2012)

G. Lavareda, A. de Calheiros Velozo, C. Nunes de
Carvalho and A. de Amaral, Nanoscale p/n junc-
tion depth control by emitter pre-deposition at low
temperature (submitted to Thin Solid Films on
September 2012)

· Two oral presentations. One was at the NanoSea
conference in Sardinia, Italy (June 2012): Ther-
mal dehydrogenation of amorphous silicon: a time-
evolution study. The other presentation was for the
general public, at the FISICA 2012 physics confer-
ence at University of Aveiro, Portugal (September
2012).

· One poster presentation at the EMRS 2012 confer-
ence in Strasbourg, France (May 2012): Thermal
dehydrogenation of amorphous silicon: e�ect of the
substrate temperature during deposition.

II. CRYSTALLINE SILICON PN JUNCTIONS

Silicon is a semiconductor. This means that in nor-
mal conditions, it doesn't conduct much electric current.
However, if heated to high temperatures or doped with a
speci�c material (called a donor or acceptor), then silicon
starts being a conductive material.
It is by far the most used semiconductor material both

in the photovoltaic and microelectronic industries. This
is partly due to the abundant presence of silicon, in fact
it is 28% of the total mass of the earth's crust [5], which
makes it a relatively low price material, compared to
other semiconductors. However, extraction and specially
puri�cation methods may be quite costly.
A lightly doped crystalline silicon wafer is the starting

point for the pn homojunctions produced in this work.
The fundamental functioning principle of the photo-

voltaic solar cell is the photovoltaic e�ect. It consists
in the generation of an electric current when light is ab-
sorbed by a pn junction. The generated electric power
can then be easily used by connecting the pn junction to
an appropriate circuit.
The photocurrent produced under illumination may be

simply modeled by a current source. Figure 1 schemati-
cally sums up the equivalent electric circuit used to de-
scribe the J(V) curve of a solar cell.

Figure 1: Equivalent electric circuit that correctly describes
most solar cells (a) in the dark and (b) under illumination

This circuit is described by equation 1,

J =
V −RSJ

RSh
+ JS(e

V −RSJ

nVT − 1) − Jph (1)

where JS and n are the diode saturation current density
and ideality factor, respectively, and Jph is the photocur-
rent (=0mA/cm2 in the dark).
More simply, the essential information contained in

this J(V) characteristic (under illumination), can be syn-
thesized by �ve electrical parameters:

· The open-circuit voltage VOC (V).

· The short-circuit current density JSC (mA/cm2).

· The �ll factor FF, which is a non-dimensional char-
acteristic, describes how close the curve is close to
an ideal diode. The higher is the FF, the closer the
characteristic curve is to an ideal diode.

· The open-circuit resistance R (Ω) at VOC, which is
closely related to the series resistance RS.

· The shunt resistance RSh, measured at short-
circuit.

Several methods exist for fabricating silicon pn junc-
tions, but two are much more extensively used than any
other: the dopant deposition and di�usion and the ionic
implantation. The dopant deposition method consists in
a high temperature pre-deposition in a di�usion furnace
tube with some kind of dopant source (solid, liquid or
gaseous) followed by penetration, usually at higher tem-
peratures, to obtain the desired extensions of p-type and
n-type regions. The other method consists in dopant ion
implantation in an appropriate apparatus at room tem-
perature, followed by an annealing/"drive-in" in a high-
temperature di�usion tube.

III. PROCESSING AND CHARACTERIZATION

Throughout past decades, many technologies have
been developed for the production and processing of ba-
sic electronic devices. The fabrication method which is
studied in this work doesn't involve any new technology,
it requires the following techniques:
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· The deposition of amorphous silicon thin �lms,
which can be done either by sputtering or by
Plasma Enhanced Chemical Vapor Deposition
(PECVD). At LMSCE, there is a PECVD deposi-
tion system, but no sputtering one. For this reason,
in this work, amorphous silicon has been deposited
using the PECVD technology. Fortunately, most (if
not all) semiconductor laboratories and industries
are equipped with this system, so obtained results
are highly reproducible.

· Heating to intermediate temperatures, between
350◦C and 550◦C, in order to dehydrogenate the
amorphous silicon thin �lm, which can be done with
a di�usion furnace.

· Heating to high temperatures, between 900◦C and
1000◦C. This can also be done with the di�usion
furnace.

· The deposition of metallic contacts using a thermal
evaporation system.

· The deposition of a TCO using Plasma Enhanced
Reactive Thermal Evaporation (PERTE).

· The removal of the amorphous silicon pre-deposited
layer, requires an etching technique. If the amor-
phous silicon has oxidized, due to the high temper-
atures, a wet etching process is adapted. However,
if this doesn't happen, a dry etching plasma system
should be used.

Semiconductor materials and devices' characterization
is a quite complex subject, and many techniques have
been developed to analyze as many properties as possi-
ble. Analyzing di�erent characteristics of the material
always gives additional information, which can be useful,
either for a better understanding of the phenomena or
for a better optimization of a device. The following six
characteristics have been studied throughout this work:

· The thickness of the pre-deposited amorphous sili-
con thin-�lm.

· The initial hydrogen content in the amorphous sil-
icon.

· The �nal junction depth.

· The TCO material conductivity.

· Secondary Ion Mass Spectroscopy measurements
give the largest quantity of information about the
constitution of the layers obtained, in particular,
the concentrations of dopants.

· The �nal characterization step is the current-
voltage characteristic of the obtained solar-cells.

IV. A NOVEL PRODUCTION METHOD

This alternative production method consists in sub-
stituting the �rst step of the conventional thermal pre-
deposition method, by the pre-deposition of a highly
doped amorphous silicon thin �lm, using the PECVD
technique. Samples are then submitted to a controlled
step of dehydrogenation, followed by the conventional
dopant "drive-in".

Figure 2 shows a schematic summary of the four pro-
duction steps, assuming a p-type doped wafer. The pro-
duction method is also valid using an n-type doped wafer,
by simply inverting the dopants.

The crystalline silicon wafer where the pn homojunc-
tion is formed can be monocrystalline or polycrystalline,
and must be already doped. In this work, the material
used as starting point is a monocrystalline Czochralski
<100> oriented wafer, with average resistivity ρ = 1.6
Ω · cm.

V. DETAILED STUDY OF THE AMORPHOUS

SILICON DEHYDROGENATION

Above 350◦C hydrogen exodi�uses from an amorphous
silicon thin �lm. As shown by John et al. [11], this de-
hydrogenation phenomena can cause craters in the �lm.
Such pinholes in the a-Si thin �lm would imply regions
where there would be no dopant for di�usion at "drive-
in" step, which in turn would imply having a non homo-
geneous pn junction. In fact, in this case, the posterior
deposition of a Transparent Conductive Oxide (TCO),
necessary for a solar cell, would short-circuit the homo-
junction turning the solar cell unusable.

For this reason, it is of crucial importance to study the
appropriate conditions for a smooth dehydrogenation.

In order to study the in�uence of the heating rate on
the �lm quality after dehydrogenation, two identical n-
type doped samples were deposited by PECVD on n-type
doped c-Si <100> wafer at 350◦C.

These two samples were then heated to 350◦C using
the di�usion furnace. One sample was heated at a heat-
ing rate of 0.5◦C/min. The other sample was directly
introduced in the pre-heated furnace in two and a half
minutes, so that the average heating rate was around
140◦C/min. Figure 3 shows a photograph of samples be-
fore and after this heating test.

As shown by Rao et al. [12], when a-Si:H deposited
on a crystalline silicon substrate is heated (at a high
rate), the hydrogen is di�used to the a-Si:H/c-Si inter-
face, where it aggregates and forms bubbles. These bub-
bles then implode, causing some damage to the thin �lm.
As expected, �gure 3 con�rms that for a higher heating
rate, a greater damage is caused to the �lm. Thus, in or-
der to avoid any undesirable damage, it is important to
choose for each application an appropriately small heat-
ing rate.



4

The starting point is the p-type doped crystalline silicon wafer where the pn
homojunction shall be formed.
The dark gray denotes the bulk c-Si wafer and the small blue points denote the
p-type dopant, the atoms of boron.

↓

1. A thin �lm of highly n-type doped hydrogenated amorphous silicon is
deposited on the c-Si wafer by the PECVD technique.
Amorphous silicon is denoted by the light gray material, whilst the dark spots
denote the hydrogen atoms incorporated and the red ones denote the n-type
dopant atoms (phosporus).

↓

2. The sample is heated to intermediate temperatures (between 350 and 550◦C),
causing the hydrogen contained in the a-Si:H thin �lm to leave (desorption).

↓

3. The sample is further heated to high temperatures (between 900 and 1000◦C),
which causes the phosphorus contained in the a-Si to di�use towards the c-Si
wafer. The homojunction is formed in this step.

↓

4. The a-Si pre-deposited layer, which only contains a low quantity of boron, is
removed. The result is a c-Si pn homojunction.

Figure 2: Step-by-step schematic description of the crystalline silicon PN homojunction fabrication, assuming a p-type doped
wafer

Another experiment was done to study the in�uence of
deposition and dehydrogenation temperatures. For this,
a-Si:H intrinsic �lms were deposited by PECVD at sub-
strate temperatures 100, 200, 300 and 350◦C. They were
then introduced in the di�usion furnace and heated, to
temperatures of 350, 450 and 550◦C.

The dependence of hydrogen content on the dehydro-
genation temperature is depicted in �gure 4, for samples
produced at the same deposition temperature (350 ◦C).
This �gure shows that the higher the dehydrogenation
temperature, the more hydrogen exodi�uses from the a-
Si:H thin-�lm.
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1 2

3

1 Before thermal treat-
ment

2 After heating at
0.5◦C/min

3 After heating at
140◦C/min

Figure 3: Optical microscope images of two a-Si:H samples
on c-Si, before and after heating to 350 ◦C(ruler scale: µm)

Figure 4: a-Si:H thin �lms' "as-deposited" characteristics, as
a function of substrate temperature during deposition

Finally, time-evolution of the dehydrogenation process
has been studied, a di�usion model, based on Fick's sec-
ond law of di�usion, was found to accurately describe the
process of thermal dehydrogenation of a-Si:H thin �lms.
Hydrogenated amorphous silicon (a-Si:H) thin �lms were
deposited by PECVD on c-Si substrates at 350◦C. They
were then submitted to di�erent times of thermal dehy-
drogenation at 400◦C. The hydrogen content of the a-
Si:H samples, before and after the several thermal treat-
ments is depicted in �gure 5.

VI. DETAILED STUDY OF THE JUNCTION'S

DEPTH

The �nal junction characteristics, in particular the
junction's depth inside the crystalline wafer, depend es-

Figure 5: Hydrogen contents measured in the 8 a-Si:H samples
as a function of time after several successive dehydrogenations

sentially in both the dopant concentration of the pre-
deposited layer and the parameters of the "drive-in" step.
In fact, both the time and temperature of the di�usion
process determine the �nal junction's depth.
Phosphorus-doped amorphous silicon thin �lms, de-

posited at low temperatures by PECVD were used as
a dopant source on p-type c-Si substrates. A careful step
of dehydrogenation at moderate temperatures was done
and, subsequently, a �ne-controlled "drive-in" of dopant,
from the amorphous layer to the crystalline wafer, to
form the p/n junction, using di�erent time periods and
temperatures. Dopant pro�ling in c-Si wafers as well as
dopant concentration in a-Si:H �lms prior to di�usion,
both measured by SIMS, are presented in �gures 6 and
7.

Figure 6: SIMS pro�le of di�using dopant (phosphorus) for
samples A to E and background concentration (boron, NBC)
determined upon substrate resistivity [15]

Junction depths obtained are in the range of 98nm
to 2.4µm and surface concentrations are in the range of
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Figure 7: SIMS pro�le and �tting curves using constant sur-
face concentration for sample C and constant dose for samples
D and E

1.1×1021 to 4.3×1020 at./cm3. A dual di�usion mecha-
nism explains the "kink-and-tail" shape found for dopant
pro�le.

VII. PHOTOVOLTAIC SOLAR CELLS

FABRICATION

Once a pn homojunction is obtained, a few additional
production steps are necessary in order to achieve a pho-
tovoltaic solar cell. Preliminary results obtained show
that the method works correctly, although much can still
be done to optimize the �nal device.

The fabrication of this solar cell can be described by
three main steps, which correspond to the three layers
that compose the solar cell:

1. the pn homojunction is fabricated, following all the
steps previously described

2. Indium oxide, which is a transparent conductive
oxide, is deposited by PERTE

3. And �nally, aluminum metallic contacts are de-
posited by resistive thermal evaporation

Figures 8 and 9 are the J(V) characteristic curves of the
ten samples, in the dark and under AM1.5 illumination,
respectively. All samples produce a photocurrent, and
most diodes have a good rectifying factor.

The production method shows to produce working
photovoltaic solar cells. Highest e�ciency was found
to be 3.4% for a phosphine concentration of 0.6% dur-
ing predopsition of the a-Si:H layer, and a "drive-in" at
900◦C during 1h. Large optimization work seems possi-
ble in order to improve �ll factors, series resistance and
e�ciencies, in order to turn this technique more compet-
itive.

VIII. CONCLUSIONS

Using a novel method of producing pn junctions, so-
lar cells have been produced and an e�ciency of 3.4
% achieved, without optimisation of the method. The
method is economically advantageous in comparison to
traditional methods of thermal pre-deposition and ionic
implantation. This work at LMSCE, has already origi-
nated one publication, two more have already been sub-
mitted for reviewing and a forth one is under its way to
be submitted.
Concerning this novel method and the four manufac-

turing steps, several interesting results have been shown:

· The higher the temperature to which a-Si:H is
submitted, the more hydrogen exodi�uses from it.
This is valid for dehydrogenation thermal treat-
ments and for the PECVD pre-deposition step.

· It has been con�rmed that a-Si:H starts to signi�-
cantly lose hydrogen above 350 ◦C.

· Heating a thin �lm of a-Si:H on a c-Si substrate at
too high a rate (140 ◦C/min) causes the apparition
of craters in the �lm. Slow heating rates do not
(0.5 ◦C/min).

· A di�usion model, based on Fick's second law has
been found to quite accurately describe the time
evolution of dehydrogenation.

· There is a decrease di�usivity through time, which
is due to a consequence of dehydrogenation: the
increase in dangling bonds. This decrease is higher
in intrinsic than in n-doped a-Si:H.

· Di�usion simulations have shown that, for practical
purposes, for a certain dehydrogenation tempera-
ture, hydrogen content decays to an almost con-
stant value.

· Junction depths have been measured by SIMS and
found to be in the range of 98 nm to 2.4 µm, when
"drive-in" is done for 1 or 2 hours at 900-1000 ◦C.

· A sharp peak of phosphorus has been measured
near the surface, showing that shallow junctions
are possible using this di�usion method.

· The method has been found to produce working
solar cells. An e�ciency of 3.4 % has been achieved,
and higher e�ciencies should be expected with the
optimisation of the method.

This work has given some understanding of several as-
pects to this novel production method, but large improve-
ments can be expected, by optimizing dopant quantities,
heating temperatures and times. Another aspect that
will be studied is the application of this method to the
fabrication of CMOS transistors, where interesting re-
sults should also be expected.
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Figure 8: J(V) characteristic curves of the ten solar cells obtained in the dark

Figure 9: J(V) characteristic curves of the ten solar cells obtained under AM1.5 illumination
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