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a b s t r a c t

Although phosphorus (P) diffusion gettering process has been wildly used to improve the performance of
Si solar cells in photovoltaic technology, it is a new attempt to apply P diffusion gettering process to
upgraded metallurgical grade silicon (UMG-Si) wafers with the purity of 99.999%. In this paper, improve-
ments on the electrical properties of UMG-Si wafers and solar cells were investigated with the application
of P diffusion gettering process. To enhance the improvements, the gettering parameters were optimized
on the aspects of gettering temperature, gettering duration and POCl3 flow rate, respectively. As we
expected, the electrical properties of both multicrystalline Si (multi-Si) and monocrystalline Si (mono-
Si) wafers were significantly improved. The average minority carrier lifetime increased from 0.35 ls to
nearly about 2.7 ls for multi-Si wafers and from 4.21 ls to 5.75 ls for mono-Si wafers, respectively.
Accordingly, the average conversion efficiency of the UMG-Si solar cells increased from 5.69% to 7.03%
for multi-Si solar cells (without surface texturization) and from 13.55% to 14.55% for mono-Si solar cells,
respectively. The impurity concentrations of as-grown and P-gettered UMG-Si wafers were determined
quantitively so that the mechanism of P diffusion gettering process on UMG-Si wafers and solar cells
could be further understood. The results show that application of P diffusion gettering process has a great
potential to improve the electrical properties of UMG-Si wafers and thus the conversion efficiencies of
UMG-Si solar cells.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Since 2000, photovoltaic (PV) industry has achieved a rapid
development at an annual average rate of 40% as one of the fastest
sector among all sorts of renewable energy. This growth is not only
led by progress in materials and the technology of manufacturing
but mainly by the market introduction [1]. However, the world-
wide PV market is so limited and shares less than 1% in the whole
power market because of the high manufacturing costs and rela-
tively low conversion efficiencies of PV cells. As the main raw
materials of traditional PV cells, the production cost of high purity
Si is relatively high and accounts for more than 30% in PV modules
at present. In order to find more cost-effective method of produc-
tion of Si materials, upgraded metallurgical grade Si (UMG-Si) with
the purity of 99.999% (5 N) has been successfully purified from
high purity Si oxide with physical and metallurgical method and
the UMG-Si solar cells with an average conversion efficiency of
more than 13.3% have been put into commercial production on a
scale of several hundred megawatts. Since the UMG-Si material
can be used to prepare relatively high performance Si solar cells

with low cost, it is recognized as the most promising substitute
for the traditional chemically purified high purity Si to realize
large-scale industrial production of crystalline Si solar cells [2–4].
How to improve the performance of UMG-Si materials and thus
the conversion efficiency of UMG-Si solar cells has become an ur-
gent problem.

As we know, the UMG-Si with 5 N purity has a relatively high
concentration of impurities, especially transition metal impurities,
such as Fe, Al, Ca, Ni, Cu and Cr. [5]. Due to the generally high
charge carrier recombination activity of especially transition met-
als and their precipitates, the presence of such contamination may
limit the electrical performance of UMG-Si wafers and solar cells
[6]. It is well known that phosphorus (P) diffusion gettering pro-
cess has been wildly used to improve the performance of conven-
tional high purity Si wafers and solar cells in PV industry. Because P
diffusion gettering process can effectively reduce the transition
metal contaminants in the bulk of silicon wafers and enhance the
minority carrier recombination lifetime of the wafers [7–9]. The
efficiency of P diffusion gettering process is of crucial importance
during the processing of crystalline silicon solar cells due to the
detrimental effects on the solar cell performance of even relatively
small amounts of electrically active transition metals [10–12].
However, few studies reported the application of P diffusion get-
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tering process on UMG-Si wafers and solar cells. So it is a new at-
tempt to apply P diffusion gettering process to UMG-Si wafers so
that the detrimental effects of transition metal impurities can be
reduced and the performance of UMG-Si solar cells can be im-
proved effectively.

This paper investigates the improvements of P diffusion getter-
ing process on the electrical properties of UMG-Si wafers and ulti-
mately on the performance of screen-printed UMG-Si solar cells
fabricated on the wafers, with particular focus on the response of
transition metal impurity content to P gettering process and the
influence of the different diffusion parameters on the gettering
behavior of the wafers. Through the application of P diffusion get-
tering process on UMG-Si wafers and solar cells, the necessity and
great potential to apply P gettering in the UMG-Si solar cell fabri-
cation process will be presented and discussed in the following
sections.

2. Experimental

All samples investigated in this study were processed on 1.0–
1.5 X cm boron (B) doped UMG monocrystalline Si (mono-Si) and
multicrystalline Si (multi-Si) wafers, acquired from commercial
production by Czochralski (Cz) method in Cz single crystal furnace
and consequent wire sawing. For comparison, neighboring wafers
with almost the same physical properties were selected to com-
pare the variations on electrical properties of the wafers and per-
formance of the solar cells after different gettering processes. P
diffusion gettering processes were performed in a diffusion furnace
tube using liquid POCl3 (P source) as the dopant source carried by
nitrogen (N2). More details on P diffusion gettering process men-
tioned above are given in Section 3 upon discussion of the results.

Mapping of the minority carrier lifetime was performed by
microwave photoconductance decay (lW-PCD) measurements on
SEMILAB WT2000 tester. Prior to the recombination lifetime mea-
surements, the samples were prepared by chemical polish in a
mixture of HF, HNO3, and CH3COOH in order to remove any traces
on the surface of the previous processing. The content of the main
transition metal impurities were tested by inductively coupled
plasma optical emission spectrometer (ICP-OES). Screen-printed
solar cells were fabricated on P-gettered and as-grown UMG-Si wa-
fers (monocrystalline and multicrystalline) with the same process-
ing respectively. And no surface texturization was performed on
the multi-Si solar cells because the solar cell fabrication in this
study was just in the purpose of investigating the efficiency of P
diffusion gettering process on UMG-Si wafers and solar cells. The
conversion efficiency of the solar cells were tested by TDC-156AZ
I–V characteristic curve tester which was made in Kunming Photo-
voltaic Technology Limited Company.

3. Results and discussion

3.1. Fundamentals of diffusion gettering process

As mentioned above in Section 1, high concentration of transi-
tion metal impurities and their precipitates exist in the UMG-Si
bulk. These transition metal contaminants may be present in dif-
ferent states, for example, interstitially dissolved, as metal-silicide
precipitates, or as larger micron-sized particles [13,14]. And the
different forms of contaminants may cause formation of disloca-
tion networks or structural defects in certain regions of the mate-
rial during Si crystal growth, especially during solidification of
UMG multi-Si block, known to increase the minority carrier recom-
bination activities in such regions and ultimately limit the electri-
cal performance of UMG-Si solar cells [15,16].

As mentioned above, P diffusion gettering process is widely
used to decrease the impurity content in photovoltaic or micro-
electronic devices and thus the detrimental effects of the impurity
contamination. Several methods for achieving such impurity get-
tering are employed in Si device processing, which are usually
based on exploiting naturally occurring or deliberately introduced
sinks for diffusing impurities within the bulk (internal gettering) or
at the surface (external gettering) of the Si wafer and thus captur-
ing the impurities in regions of the material where the detrimental
effects are minimized [17]. According to a review study by Myers
et al. [18], impurities gettering can be classified into following five
different categories based on the mechanisms involved: (i) precip-
itation of metal silicides at energetically favorable nucleation sites,
such as at the surface, at grain boundaries or dislocations within
the Si material; (ii) atomic trapping at lattice defects without for-
mation of a second phase; (iii) segregation into a second phase
due to the impurity solubility difference in different phases; (iv)
interaction with electronic dopants due to electrostatic attraction
between ionized dopant atoms and oppositely charged metals;
(v) P diffusion gettering which combines all or some of the above
mechanisms. Due to the significant effect on improving the electri-
cal performance of Si devices, P diffusion gettering process is usu-
ally treated separately in spite of the incomplete understanding of
this phenomenon. By analysis of the individual mechanisms con-
tributing to the P diffusion, the intrinsic diffusivities of the impu-
rity atoms or impurity-induced defects can be expressed as [19]:

D ¼ D0 exp � Ea

kBT

� �
ð1Þ

where D denotes the intrinsic diffusivity of the impurities or de-
fects, D0 is diffusion constant, Ea corresponds to the activation en-
ergy needed to activate the impurities or defects to diffuse away,
kB is Boltzmann constant, and T is the diffusion gettering
temperature.

3.2. P diffusion gettering on UMG-Si wafers

As we know, P diffusion gettering can be treated separately to
improve the electrical performance of photovoltaic devices, such
as Si wafers and solar cells [20–22]. It is also necessary to decrease
the detrimental effects of transition metal impurities incorporated
in the UMG-Si wafers and thus improving the performance of
UMG-Si solar cells. This is a new attempt to apply P diffusion get-
tering process to UMG-Si wafers before solar cells were fabricated.
The P diffusion gettering was treated in a commercial POCl3 tube
furnace with POCl3 carried by N2. To evaluate the effects of P diffu-
sion gettering process on the electrical properties of UMG-Si wa-
fers, the parameters such as P diffusion gettering temperature,
gettering duration and P source flow should play important roles
that directly determine the gettering efficiency of Si wafers. The
minority carrier recombination lifetime was measured before and
after P gettering process. Prior to the measurement of minority car-
rier lifetime, P gettering layer with a thickness of about 10 lm on
the sample surface was removed by chemical polish.

A tentative experiment of P gettering was performed on UMG
mono-Si and multi-Si wafers before investigating the dependence
of P gettering efficiency on different gettering parameters.
125 � 125 mm2 square UMG-Si wafers with radius angles and a
thickness of 200 lm are used in the experiment. The digital photo-
graphs of as-grown UMG-Si wafers and their minority carrier life-
time maps are shown in Fig. 1. The gettering temperature,
gettering duration and P source flow rate were
930 �C(2100 s) + 980 �C(600 s) and 1800 ml/min respectively. In
comparison, the average lifetime results of UMG mono-Si and mul-
ti-Si wafers are shown in Fig. 2. It can be seen that the average life-
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