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Doped Polycrystalline Silicon Thin Films Deposited on Glass
from Trichlorosilane**

By Ariel G. Benvenuto, Román H. Buitrago, and Javier A. Schmidt*

Atmospheric pressure (AP) thermal CVD is used to deposit thin poly-Si films on glass substrates. Also produced are
heterojunction solar cells carrying out the deposition on c-Si wafers. A batch-type hot-wall reactor, employing SiHCl3 as a
precursor, H2 as a carrier and reaction gas, BBr3 as a p-type doping agent, and PCl3 as a n-type doping agent, is used. The films
obtained are homogeneous and well-adhered to the substrate. Samples are structurally characterized by scanning electron
microscopy (SEM), atomic force microscopy (AFM), reflectance spectroscopy in the UV-vis region, X-ray diffraction (XRD),
and Raman spectroscopy (RS). The electrical characterization includes conductivity measurements as a function of
temperature, and Hall effect measurements. For the p-doped samples, XRD reveals a strong (220) preferential orientation of
the films, while the n-doped samples lack columnar structure or preferential orientation. RS andUV-reflectance confirm a high
crystalline fraction. Dark conductivity measurements as a function of temperature show that the films can be grown intrinsic,
p-type or n-type. Activation energies between 0.61 and �0 eV are obtained, with reasonable values for the carrier mobilities.
For the solar cells, relatively high values ofVOC(�507mV) and JSC (�29.6mAcm�2) are measured. In conclusion, these results
demonstrate the feasibility of directly depositing doped poly-Si thin films on glass and c-Si substrates at intermediate
temperatures, with interesting characteristics for photovoltaic applications.
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1. Introduction

Thin film polycrystalline silicon (poly-Si) solar cells
deposited on low-cost substrates may be the path to achieve
the expected reduction in the price of photovoltaic
electricity. Poly-Si could combine, in principle, the low-
cost potential of thin films with the proven stability and high
efficiency of crystalline silicon.

Having in mind the objective of using low-cost reactants
and processes, we have chosen APCVD as the deposition
method. APCVDprovides high deposition rates, acceptable
uniformity, controllable doping profiles, and good film
quality, with a relatively simple set-up.[1,2] As substrates, we
use commercial float glass or crystalline silicon wafers. The
glass we use is Schott AF37, which, in addition to
withstanding the process temperature (less than 850 °C),
has a thermal expansion coefficient closely matching that of
crystalline silicon.[3] The Si wafers are (100)-oriented p-type
Czochralski c-Si, and act as the base of the cell. As a silicon
source we use trichlorosilane (SiHCl3, TCS), which can be
obtained by hydrochlorination of metallurgical-grade

silicon, and can be easily purified by distillation.[4] The
deposition of thin film silicon on float glass byAPCVD from
TCS at intermediate temperatures has not previously been
explored. Other authors have used APCVD from TCS,[1,5,6]

but at temperatures higher than 900 °C, thus limiting, to
ceramics or low-cost silicon, the substrates that can be used.
The use of float glass substrates can potentially reduce the
cost of the solar cells, offering also the possibility of
depositing them in a superstrate configuration. Moreover,
the use of temperatures lower than 850 °C points towards
lowering the energy budget of the process. The material
saving due to the use of thin films, in addition to the lower
deposition temperatures required, would lead to a reduction
of costs compared to bulk polycrystalline silicon solar cells.
Using glass as the substrate, the APCVD process should be
scalable to a size comparable to that of the amorphous
silicon solar panels currently manufactured, and the
monolithic interconnection of the modules would also lead
to a reduction in the manufacturing costs.

In previous works, we have shown that intrinsic poly-Si
layers, exhibiting good structural and optical properties, can
be deposited by APCVD on glass substrates.[7,8] The next
step towards the production of solar cells is the deposition of
doped layers. For that reason, in this work we study the
electrical, optical, and structural properties of poly-Si
samples doped with both B and P. In the case of p-doped
samples we explore the possibility of depositing both lightly
and heavily dopedmaterials, which could act as the base and
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the back surface field of a solar cell, respectively. For n-
doped samples we try to achieve the doping level needed for
the emitter of a solar cell (nþ layer). Finally, we explore the
concept of a heterojunction solar cell between a p-type c-Si
base and an nþ poly-Si emitter.

2. Results and Discussion

The global chemical reactions leading to silicon, boron,
and phosphorous deposition can be written
SiHCl3ðgÞ þH2ðgÞ !D SiðsÞ þ 3HClðgÞ,
2BBr3ðgÞ þ 3H2ðgÞ!D 2BðsÞ þ 6HBrðgÞ, and
2PCl3ðgÞ þ 3H2ðgÞ!D 2PðsÞ þ 6HClðgÞ.

TLS reduces at high temperature in the presence of
hydrogen, resulting in the deposition of silicon and the
release of hydrochloric acid. This reaction is reversible,
meaning that, under certain circumstances, hydrogen
chloride can etch the silicon deposited.[7] Boron tribromide
or phosphorous trichloride also reduce in the presence of
hydrogen, leading to the incorporation of boron or
phosphorous into the silicon lattice, and the release of
hydrobromic or hydrochloric acid, respectively.

2.1. Boron-doped Samples

2.1.1. Electrical Properties

By adjusting the temperature of BBr3, different B
concentrations have been incorporated into the poly-Si
samples. Knowing the vapor pressure of SiHCl3 at 0 °C and
of BBr3 at the various temperatures, and taking into account
the hydrogen flows into both liquids, the ratio of boron to
silicon atoms in the gas phase, R, has been calculated.
Figure 1 shows the room temperature resistivity of the
samples as a function of R. As can be seen, the resistivity is
�1.3� 105 V cm for the nominally intrinsic sample. The

addition of a small amount of boron leads to an increase of
the resistivity, which reaches a maximum value of �5� 106

V cm. This is evidence that the nominally intrinsic samples
are slightly n-type. Other groups have also reported that
films produced with no intentionally added dopants were n-
type.[9] This n-type characteristic is suggested to be possibly
caused by diffusion of impurities from the substrate or other
layers, or by oxygen contamination.[10,11] Under certain
circumstances, oxygen may form complicated multi-atom
centers in silicon, called “thermal donors”, which act as
electrically active donor states, that is, as n-type dopants.[12]

In the work of Angermeier et al.,[13] resistivities of about 20
Ω cm are reported for non-intentionally doped poly-Si
layers grown on graphite substrates. The large resistivities
measured for our intrinsic samples are an indication of the
absence of substantial contamination in the deposition
system that we use. Moreover, we performed an electron
probe micro-analysis (EPMA) of the sample without
observing signs of contamination within the limits of
detection of our equipment.

A further increase in the boron content leads to p-doped
samples, with resistivities that gradually decrease to a value
as low as 0.07 V cm. An increase of less than two orders of
magnitude in R causes a decrease of almost eight orders
of magnitude in resistivity, making clear the large influence
of doping. The dark conductivity activation energy exhibits
a consistent behavior with that of the resistivity, with a value
around 0.5 eV for undoped sample, an increase to about
0.61 eV for the compensated sample, and a further decrease
to approximately zero for the heavily boron-doped samples.

We have used Hall effect measurements to study the
evolution of the majority carriers concentration and drift
mobility as a function of boron concentration. The results
confirm that the majority carriers are holes, with concen-
trations ranging from p < 1014 cm�3 for the sample
deposited with R¼ 3� 10�4 (quasi-compensated sample)
through p¼ 2� 1017 cm�3 for R¼ 3.3� 10�3 (lightly p-
doped sample) to p¼ 3.4� 1019 cm�3 for R¼ 1.7� 10�2

(heavily p-doped sample, pþ). This last value of p is close to
the one required for the back surface field of a solar cell.
Knowing the concentrations in the gas phase, it is possible to
calculate the doping efficiency. R¼ 3� 10�4 means that, if
the proportion in the gas phase weremaintained in the solid,
there would be 1.5� 1019 B atoms per cm3, however we have
measured p < 1014 cm�3, meaning that less than one in
1.5� 105 boron atoms present in the gas phase effectively
contributes to the semiconductor with one free hole. This
could mean a preferential incorporation of silicon over
boron into the solid, but more probably it is due to trapping
of holes into defect states, as we will explain. Polycrystalline
silicon, especially when it has a small grain size, has a large
quantity of defect states in the grain boundaries (NT traps
per unit area).[14] Trapping into these states causes the
concentration of free holes to be considerably lower than
the concentration of acceptor atoms. When the concen-
tration of acceptors increases, however, the trap states begin
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Fig. 1. Room temperature resistivity as a function of the ratio of boron to
silicon atoms in the gas phase, R. The first point to the left corresponds to the
nominally intrinsic sample. The line is a guide to the eye.
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to saturate and the concentration of free holes increases.
For R¼ 3.3� 10�3 we have measured p¼ 3.4� 1019 cm�3,
meaning that one in 775 boron atoms present in the gas
phase contributes with a free hole, and this proportion
changes to 1 in 25 for R¼ 1.7� 10�2. This is consistent with
the fact that, when the doping concentration increases and
traps begin to saturate, the concentration of free holes tends
towards the concentration of doping atoms.

In Figure 2, we show theHall mobility as a function of the
holes concentration for the different samples. As can be
seen, mobility increases with p from a low value (0.07 cm2

V�1 s�1) for the less-doped sample to �15 cm2 V�1 s�1 for
the sample with the highest boron content. A similar trend is
seen in the work of Münster et al.,[15] where the authors
report mobilities in the range of 6 to 30 cm2 V�1 s�1. The
behavior in Figure 2 can also be explained by the presence
of a high density of trap states in the grain boundaries.When
carriers are trapped the defects acquire electric charge,
creating a potential barrier that opposes the movement of
carriers between adjacent grains and thus reduces the
mobility. For higher doping levels, the carrier concentration
is only partially reduced, the barrier height decreases, and
the mobility increases.[14,16]

2.1.2. Structural Properties

The thickness of the poly-Si films was calculated from the
distance between the peaks of the reflectance spectrum in
the range of 400–900 nm. Samples around 4.1mm thick were
grown for this study. The deposition rate was calculated by
dividing the thickness by the deposition time (15min in all
cases), assuming that the incubation period is short
compared to the total deposition time. The deposition rate
was around 0.27mmmin�1 in all cases.

SEM was used to explore the front surface and the cross-
section of the samples. The grain size and the structure were
evaluated from these images. The average grain size is about
190 nm, independent of the BBr3 concentration. Within the

doping range of our experiments, this average grain size is
lower than that of undoped samples (around 270 nm)
deposited with the same procedure and the same param-
eters.[7,8] This means that the addition of boron increases
the nucleation rate. Depositing boron-doped mc-Si films by
plasma-enhanced (PE)CVD from silane and diborane,
Toyama et al.[17] reached a similar conclusion. A typical
SEM front view of one of the samples can be seen in
Figure 3a. AFM images show conical structures with grain
dimensions that are compatible with those obtained from
SEM observations. The root mean square (rms) roughness,
evaluated from the AFM images, is about 11 nm.

By producing poly-Si thin films with other reactor types,
and at higher deposition temperatures (between 1000 and
1200 °C), other groups have obtained larger grain sizes, in
the range 1 to 10mm.[13,18] In those works, higher temper-
ature-resistant materials, such as oxidized silicon, alumina,
mullite, and graphite, were used as substrates. This implies a
higher thermal budget and possibly higher material costs.
Moreover, the non-transparent substrates make production
of the cells in the superstrate configuration impossible.
Although some authors aim at enlarging the grain size as a
direct way of reducing the defect density, photovoltaic cells
with an open-circuit voltage of 536mV have been produced
with poly-Si layers having a grain size of 0.1–0.2mm.[19] This
is a demonstration that the relatively small grain size that we
obtain should not prevent the attainment of good photo-
voltaic properties, as long as the intra-grain quality is
adequate and the grain boundaries are of low electronic
activity.

From Raman scattering spectra we estimated the
crystalline fraction of the samples. Contrary to what we
have found in intrinsic samples, we observed an amorphous
phase contribution for those samples prepared with low
doping concentrations. The amorphous contribution comes
from the disordered region between grains. The Raman
spectra have been fitted with the sum of a Lorentzian
function centered at ca. 520 cm�1, representing the
crystalline component, a Gaussian function centered at
ca. 510 cm�1, corresponding to the nanocrystalline grains,
and a Gaussian function centered at ca. 480 cm�1

corresponding to the amorphous phase. After that, the
crystalline fraction was calculated with the usual formula,
Equation 1.

XC; Raman ¼ A520 þA510

A520 þA510 þ g A480
ð1Þ

Ax are the areas of the related peaks and g is the ratio
between the phonon excitation cross-sections of crystalline
silicon and amorphous silicon. For this parameter we adopt
the value g¼ 0.8 as in the literature.[20]

The Raman crystalline fraction is shown in Figure 4 (red
circles, left scale). For lowdoping concentrationswe can see a
decrease ofXC,Raman from the value for the intrinsic sample,
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Fig. 2. Hall mobility as a function of hole concentration for p-doped samples.
The line is a guide to the eye.
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while XC,Raman tends to increase for higher boron concen-
trations. The initial decrease of XC,Raman from �1 for the
intrinsic sample to �0.75 for the less-doped sample is
consistent with the previously discussed decrease of the grain
size. Indeed, a lower grain size implies a higher volume
proportion of the disordered region between grains, and
therefore a lower crystalline fraction. On the other hand, the
further increase of the crystalline fractionwith boron content
observed in Figure 4 may be due to an increase of the
crystalline quality caused by the presence of boron acting as
nucleation centers.[17] Since we do not observe a variation of
the grain sizewith boron concentration, the effect of boron as
an inductor of crystallization prevails, and therefore the
crystalline fraction increases. In the literature[21] it is also
reported that, by depositing B-doped Si films by low pressure
(LP)CVDfromSiH4 andBCl3, amorphous silicon is obtained
for the lowest ratios of boron to silicon atoms in the gas phase,
whereas poly-Si films are produced for the intermediate
values, changing to amorphous silicon again for the highest
concentrations of doping atoms in the gas phase.

As shown in the literature,[22,23] RS can also be used to
estimate the stress present in polycrystalline silicon samples.
For the case of in-plane stress, the formula is given by
Equation 2.

s MPa½ � ¼ �250Dv½cm�1� ð2Þ

Dv¼vs - v0, v0 being the wave number of the peak in a
stress-free single crystal and vs the wave number measured
for the stressed sample. In this formula, a negative value
corresponds to a compressive stress and a positive value to a
tensile stress. The result is shown in Figure 4 (blue
diamonds, right scale). The intrinsic samples are in
compressive stress (around �200MPa), as we have found
previously.[8] The less-doped samples are in tensile stress,
the value for the least-doped sample (245MPa) being the
highest of the series of samples. The stress tends to reduce as
doping increases, turning into a compressive stress for the
highly doped samples.

We ascribe the compression stress found in the intrinsic
samples to a different thermal expansion coefficient
between substrate and film. In particular, in our samples,
the thermal expansion coefficient of the film is lower than
that of the substrate in at least part of the range from the
deposition temperature to ambient temperature. Due to
this, after the deposition and as the sample cools, the
substrate contracts in a greater proportion than the film,
causing the compressive stress. On the other hand, it is
known that, in some cases of deposition of thin films with
columnar structure, the film may grow in such a way that
narrow voids form between the columns. Since some atoms
establish loose long-range bonds between the columns, a
tensile stress develops in those films.[24] In the less-doped
samples, these voids may be the cause for the tensile stress
observed, and they are an indication of lower-quality films.
In these samples, the highest tensile stresses are accom-
panied by the highest amorphous content, as observed in the
Raman spectra. When boron doping increases, stress
decreases, suggesting that the voids content also decreases

Fig. 3. Images of typical p-doped poly-Si samples. a) SEM image; the bar has a length of 1mm. b) AFM image; the dimensions are indicated on the axes.
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together with the amorphous content. The compression
stresses found in the highly doped samples indicate that
their voids content is low, and therefore a thermal
expansion-related compressive stress dominates.

The UV reflectance spectrum of crystalline silicon is
characterized by two prominent peaks, located at �280 nm
(R1) and �365 nm (R2), corresponding to the optical
interband transitions at the X point and along the G-L axis
of the Brillouin zone, respectively.[25] This UV reflectance
spectrum can be used to evaluate the crystalline fraction of a
sample, applying the formula given in Equation 3.

XC; UV ¼ R1 � R2

Rc�Si
1 � Rc�Si

2

ð3Þ

The superscript “c-Si” refers to the values for single
crystalline silicon. The results that we have obtained for the
series of boron-doped samples are shown in Figure 5a. As
can be seen, for the low doping concentrations there is a
decrease from the value corresponding to the intrinsic
sample (XC,UV¼ 0.81), but for higher boron concentrations
XC,UV increases and even surpasses that value. This
behavior is consistent with what we have found from the

Raman spectra, and can be interpreted as an amorphization
of the material for low doping concentrations, and a
progressive increase in crystallinity for high doping
concentrations.

The UV reflectance spectra can also be used to estimate
the crystalline quality factor (Q) of the poly-Si films. The
crystalline quality factor is defined as in Equation 4.[26]

Q ¼ 1
2

R1

Rc�Si
1

þ R2

Rc�Si
2

" #
ð4Þ

As discussed in the literature,[26] this factor quantifies
how similar to the spectrum of single crystalline silicon is
that of each sample. The results that we have found for the
series of samples are shown in Figure 5b. For the doped
samples Q takes values close to those of XC,UV, and also
exhibits a growing trend with R. On the other hand, for the
intrinsic sample we have Q¼ 0.57 while XC,UV¼ 0.81. This
discrepancy is probably due to the influence of the surface
roughness on the calculation of Q. Surface roughness
reduces the amplitude of both peaks, thus decreasing the
crystalline quality factor. The fact thatQ is similar toXC,UV

for the doped samples seems to indicate that the roughness
is lower in these samples than in the intrinsic ones. This
point is confirmed by AFM measurements (Fig. 3b), which
give an rms roughness of �11 nm for a doped sample and
�46 nm for the intrinsic sample, both being of approx-
imately the same thickness.

XRD was used to evaluate the crystalline orientation of
the poly-Si films. For all the deposition conditions used, we
have found a clear preferential orientation with the (220)
plane parallel to the sample surface (Fig. 6a).

To quantify the degree of preferential orientation of the
films, we have calculated the orientation factor ahkl, defined
by the formula given in Equation 5.[27]

ahkl ¼
Ihkl=I0;hkl
� �X

hkl

Ihkl=I0;hkl
� �� 100 ð5Þ

Ihkl is the measured intensity for the (hkl) plane, and I0,hkl
is the intensity of the corresponding Si powder diffraction
peak used as a standard reference. This factor quantifies the
volume fraction of grains with the specified orientation. The
orientation factor is presented in Figure 7 as a function ofR.
As can be seen, the intrinsic sample shows an almost 100%
preferential (220) orientation. On the other hand, for the
compensated sample the degree of (220) orientation is
reduced to �65%. The preferential (220) orientation
increases again with the boron concentration, reaching
values close to 100% for the heavily boron-doped samples.
This behavior is consistent with the results found for the UV
and Raman crystalline fractions. The preferential (220)
orientation of the layers is usually associated with the
growth of columnar grains, and with a low recombination
activity at the grain boundaries. The (220) texture ensures
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functions of R). The first point to the left of each figure corresponds to the
nominally intrinsic sample. The lines are a guide to the eye.
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that many grain boundaries should be of the [110]-tilt type,
which are electrically inactive and grow without broken
bonds.[28] Therefore, the disordered inter-grains region
should be reduced, and the crystallinity should increase, as
measured fromUV reflectance and RS. The growth of poly-
Si with a preferential (220) orientation on different
substrates is also mentioned in several publications,[18,27,29]

although a degree of orientation as high as the one obtained
here has only been obtained utilizing dichlorosilane.[30] The

columnar structure and the preferential (220) orientation of
the films are both favorable characteristics for photovoltaic
applications.

2.2. Phosphorus-doped Samples

The XRD spectra of a nþ poly-Si thin film deposited on
glass exhibit the crystalline peaks corresponding to the
(111), (220), and (311) planes with an intensity relation very
close to that of a powder sample (Fig. 6b). This means that
the polycrystalline structure does not exhibit any prefer-
ential orientation, in contrast to the results found on
intrinsic and p-doped materials which grew strongly (220)-
oriented. Sarret et al.[31] also found that large phosphorus
concentrations tend to suppress any preferential orientation
in their polycrystalline samples deposited by LPCVD. The
lack of preferential orientation can also be associated with
the absence of a columnar structure on the films, which was
confirmed by SEM observations of the sample cross-
sections.

The reflectance spectrum of a typical nþ poly-Si sample is
shown in Figure 8, together with the spectrum of a polished
c-Si wafer. Both spectra exhibit a similar aspect, except for a
displacement of the poly-Si spectrum towards lower
reflectance values. This measurement disproves the pres-
ence of an amorphous phase and confirms the polycrystal-
line nature of the material. The reason for this shift is
probably the high roughness of the film, which reduces the
reflectance for the complete spectrum. The crystalline
fraction of this sample, calculated from Equation 3, results
in the value XC,UV¼ 0.95, confirming the high crystallinity
of the sample.

Figure 9 shows the Raman spectra of a nþ poly-Si sample
and of a c-Si wafer. As can be seen, the peak of the
polycrystalline sample is wider and is shifted towards lower
energies. The full width at half maximum (FWHM) of the
Raman peak has been correlated with the grain size,
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although a precise determination is not possible.[32] In
Figure 9, the FWHM of the float zone monocrystalline Si
wafer is 3.0 cm�1, while that of the poly-Si sample is
5.0 cm�1. This is an indication of a relatively large grain size.
Moreover, no signal of an amorphous component at
480 cm�1 can be seen, confirming the truly polycrystalline
nature of this material. The Raman crystalline fraction,
calculated from Equation 1, results in a value XC, Raman �
0.92 for all the samples, in agreement with the results from
UV reflectance. The stress of the films, evaluated from
Equation 2, results in a tensile stress of around 200MPa.
Other authors have also found tensile stresses in P-doped
samples.[33]

Measurements of electrical conductivity as a function of
temperature show a metallic behavior of the heavily doped
samples, with a room temperature dark conductivity of
around 950V�1 cm�1. Hall effect measurements confirm the
n-type character of the samples, with an electron concen-
tration of �3� 1020 cm�3 and a Hall mobility of �20 cm2

V�1 s�1. This mobility is approximately 3.5 times lower than
the mobility of c-Si doped with the same phosphorus
concentration. The reduction in mobility for the poly-Si
samples is probably due to scattering at grain boundaries,
and with charges trapped at defect states. As we have
mentioned, the phenomenon of charge trapping also occurs
in p-doped poly-Si thin films, and consists in part of the free
carriers getting immobilized at the defect states located at
the grain boundaries. In this way, a potential barrier is
formed which opposes the movement of the free carriers,
reducing its mobility.[14] The results obtained however, are
good enough and suggest that the material is suitable for the
nþ layer of a solar cell.

2.3. Solar Cells

Conventional c-Si cells are typically produced through
phosphorus diffusion on a p-type wafer to form the emitter.
The process is relatively slow (approximately 50min) and

involves stages at temperatures of the order of 950 °C,
resulting in a concentration profile of the Gaussian type (or
complementary error function) with its maximum at the
front surface. The process requires carrying out cleaning
steps to the wafers, both before and after the diffusion. On
the contrary, the deposition of the emitter by CVD takes
only some minutes and can be done at temperatures (as in
the case of this work) of the order of 810 °C. Furthermore, it
provides the possibility of designing the concentration
profile, and needs fewer etching steps since no silicate glass
is formed after the diffusion. For these reasons, the
deposition of the emitter by CVD for c-Si solar cells is a
process with potential to achieve a cost reduction and an
increase in the efficiency.

We deposited c-Si (p)/poly-Si (nþ) heterojunctions,
where the substrates are boron-doped c-Si wafers. Figure 10
shows the J - V curves, measured in darkness and under AM
1.5 solar illumination, of a cell for which the thickness of the
nþ poly-Si layer is 130 nm. The illuminated curve was
measured at the equilibrium temperature under light
(around 58 °C), which reduces the series resistance and
causes the curves to cross. In any case, the measurements
show the presence of a high series resistance (specific series
resistance of �2 V cm2), evidence of an inefficient contact
scheme, which deteriorates the fill factor (F¼ 0.58),
however the values obtained for the open circuit voltage
(up to 507mV for other cells, not shown here) and the short-
circuit current density (up to 29.6mAcm�2) indicate the
presence of a good junction between the materials, which
can lead to good solar cells. The efficiencies of �8%
obtained in these preliminary experiments, without opti-
mizing the series resistance and with no surface passivation,
are encouraging results. For comparison, the values
corresponding to poly-Si solar cells on glass produced by
the company CSG Solar[34] were VOC¼ 492mV, JSC¼ 29.7
mAcm�2, FF¼ 0.721, h¼ 10.5%; while the parameters for
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illumination. A large series resistance degrades the fill factor, but the open-
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the record-efficiency c-Si solar cell are VOC¼ 706mV, JSC
¼ 42.7mAcm�2, FF¼ 0.828, h¼ 25.0%.[35] Moreover, the
external quantum efficiency (EQE) measurements (see
Fig. 11) reveal a quite wide response, similar to that of
conventional c-Si solar cells. The thickness of the nþ layer
has a clear effect on the EQE, with a noticeable decrease of
the blue response with the increase of the emitter thickness.
This is clearly due to an increase in light absorption in this
highly defective layer, where a high recombination causes
the loss of the generated carriers.

3. Conclusion

In this work, we present results of the deposition of
boron- and phosphorus-doped polycrystalline silicon thin
films on glass and crystalline silicon substrates. The
precursor gas (TCS), the doping agents (BBr3 and PCl3),
and the substrate (aluminosilicate glass), all of low cost,
proved to be adequate for silicon deposition by APCVD
at intermediate temperatures. The p-doped films exhib-
ited a strong (220)-preferred orientation, indicative of
grain boundaries of low recombination activity. On the
contrary, the n-doped samples did not show any
preferential orientation, nor did they exhibit columnar
structure. In all cases, a high crystalline fraction could be
obtained with a reasonable value for the carrier’s
mobility. The whole range of doping conditions – heavily
n-type, compensated, slightly p-type, and clearly p-type –

could be obtained by varying the BBr3 and PCl3
concentrations in the gas phase.

Our results demonstrate the feasibility of directly
depositing polycrystalline silicon thin film solar cells on
glass substrates by APCVD at intermediate temperatures.
Heterojunction poly-Si/c-Si solar cells were produced using
nþ poly-Si thin films. These devices can be more convenient

than conventional diffused cells from the point of view of
cost and efficiency due to a number of advantages of the
CVD process. High values were measured for the open-
circuit voltage (up to 507mV) and the short-circuit current
(up to 29.6mAcm�2). The thinnest nþ layer proved to be
the most suitable to make use of the solar spectrum,
however the series resistance was high and the fill factor was
low, implying that the metal/semiconductor contacts still
have to be improved. When this is achieved, the efficiency
obtained – 8.4% maximum up to now – will certainly
increase.

4. Experimental
The CVD reactor that we used was a batch-type, hot-wall reactor,

consisting of a horizontal quartz tube located inside a tubular oven. Sheets of
Schott AF37 glass were used as substrates, heated to a temperature of 850 °C.
The substrates were 25mm� 8mm in size, and 1mm thick. The precursor
compound was TCS, and hydrogen was used as carrier and reaction gas. A
constant flow of 60 sccm of hydrogen was made to bubble in liquid TCS, the
temperature of which was kept at 0 °C. The dopant sources should be
reactants that adapt to the APCVD process. We chose liquid boron
tribromide (BBr3) as a B source and liquid phosphorous trichloride (PCl3) as
a P source. These compounds were carried into the reaction chamber by
making a hydrogen flow of 3 to 5 sccm bubble into the liquids. The partial
pressure of BBr3 was controlled by adjusting its temperature between -35 and
þ30 °C, and therefore the proportion of boron in the samples was varied. On
the other hand, PCl3 was kept at a temperature of 0 °C, adjusting the
hydrogen flow.

The thickness of the films was determined by measurements of the
reflectance spectra in the visible-near IR region. Samples were structurally
characterized by SEM, AFM, reflectance spectroscopy in the UV-vis region,
XRD, and RS. SEM and EPMA were performed with a JEOL JSM-35C
microscope equipped with an energy-dispersive spectrometry (EDS) system.
AFM images were taken with an AFM NANOTEC system operated in
tapping mode. Reflectance spectroscopy in the UV-vis region was performed
in a Shimadzu 3600 spectrometer provided with an integrating sphere.
Samples were etched in a diluted HF solution prior to the reflectance
measurements to remove the native oxide. XRD was carried on in a
Shimadzu XD-D1 diffractometer in a u-2u configuration. For RS we used a
Witec Alpha R300 micro-Raman system operating at a wavelength of 532 nm
from a solid-state laser. The spot size was about 1mmand the laser power was
0.72mW.

Evaporated electrodes were deposited on top of the samples for electrical
contacts, disposed in a coplanar geometry with a separation of 1mm between
them (for conductivity measurements), or at the edges of the square samples
in the van der Pauw configuration (for Hall effect measurements). Aluminum
was used for the p-doped samples and silver for the n-doped samples. The
samples were annealed at 300 °C for 30min after the evaporation of the
contacts, and the ohmicity of the contacts after the thermal treatment was
verified. Dark conductivity was measured as a function of temperature
between 160 and 25 °C, placing the samples inside a cryostat evacuated to a
base pressure of �10�6 Torr. Activation energy was calculated from an
Arrhenius plot, assuming an activated behavior. Hall effect measurements
were performed using a magnetic field of 0.65T.

Solar cells were produced by depositing poly-Si (nþ) on boron-doped
silicon wafers with (100) orientation and a resistivity of �5 V cm. For these
samples, the size of the substrates was also 25mm� 8mm, with a thickness of
about 0.7mm. The deposition temperature in this case was 810 °C. After the
deposition of the poly-Si film and before the deposition of the contacts, these
samples were cut into pieces of about 7mm� 7mm. Contacts were deposited
on each piece by evaporation of aluminum on the p-type wafer and of gold on
the nþ layer. The cells were annealed at 300 °C for 30min after the deposition
of the Al contact and before the deposition of the Au contact. The area of the
cells was about 0.5 cm2. The current density - voltage (J-V) curve of the cells
was measured at room temperature in dark conditions, and under AM 1.5
sunlight illumination. The EQE of the devices was measured at room
temperature, using as light source a 50W tungsten-halogen lamp and
chopping the light beam. A lock-in amplifier SR530, a current amplifier
SR570, and a chopper controller SR540 were used, all of them made by
Stanford Research Systems. The measurements performed on the cells were
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carried out shortly after the deposition of the Au contact to avoid the
deterioration of the devices due to the fast diffusion of gold in silicon.
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