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The features of the recombination-active impurity gettering in
polycrystalline silicon have been studied. The research method
included the formation of a porous silicon layer 0.5–2 µm in thick-
ness on the backside of a silicon wafer, the deposition of aluminum
layer 0.5–1 µm in thickness, and the thermal annealing at 700–
950 ◦C during 30–60 min. The corresponding gettering model has
been proposed, which includes the diffusion of iron atoms by means
of two most probable independent channels: in the wafer bulk and
along the grain boundaries. By comparing the theoretical results
and experimental data, we established that 30% of gettered im-
purity atoms diffuse with a high rate along the grain boundaries,
and 70% of them in the grain bulk.

1. Introduction

The influence of a thermal treatment on the lifetime of
photo-induced charge carriers, τ , in single-crystalline sil-
icon has been studied since the beginning of the 1960s
[1–5]. However, such researches became recently espe-
cially challenging in connection with solar-cell problems.
For typical n and p oxygen-containing specimens which
were obtained at that time, their heating at even mod-
erate temperatures (600–800 ◦C) for 1–20 h was accom-
panied by a substantial (by 1–2 orders of magnitude)
reduction of the charge-carrier lifetime from about 20–
50 µs. At longer annealing times and higher anneal-
ing temperatures (above 800 ◦C), a certain restoration
of τ was observed, especially for specimens with higher
oxygen contents, NO2 ≥ 1016 cm−3. Hence, the ini-
tial single-crystalline specimens subjected to the heat-
ing revealed the unstable behavior with respect to τ . As
was found in works [1, 2], this phenomenon is associated
with the action of oxygen defects or impurity-defect com-
plexes bound with them; some of the complexes being
recombination-active, and the others being characterized
by the getter action.

It is expedient to carry out experiments with a spe-
cially created getter, the action of which would include
the mechanisms of both stabilization and increase of the
lifetime. Such an external getter is a combined structure

composed of a layer of porous silicon and an Al layer [10].
Under such conditions, it becomes possible not only to
preserve τ (in other words, a high photosensitivity) at
a heat treatment, but also to increase it considerably.
The corresponding results were reported in some earlier
works, in which a single-crystalline substance was dealt
with. In polycrystalline Si, which is widely used in so-
lar photoelectronics, the phenomena turned out to be a
little more complicated. They are studied in this work.

The impurities of heavy metals in crystalline silicon
are known to reduce the lifetime and the diffusion length
of minority charge carriers. The impurities create deep
levels in the forbidden gap of a semiconductor, thus pro-
moting the recombination processes. One of those basic
“harmful” metals is iron [1–12]. Interstitial Fe atoms
combine with atoms of boron, a typical doping impurity
in p-type silicon, to create complexes FeB, which are
even more recombination-active than individual Fe and
B atoms. In addition, Fe atoms create stable inactive
complexes FeSi2 in silicon during the cooling in the tem-
perature range 900–200 ◦C [1]. Such precipitates gener-
ate mobile interstitial Fe atoms at a subsequent thermal
treatment of a wafer.

The well-known method to remove metallic impurities
from crystalline silicon wafers is gettering, in particular,
with the use of an aluminum layer. The physical basis
of this process consists in the segregation of impurities
in the metallic Al layer. In our previous work [13], we
studied the kinetics of gettering processes related to the
behavior of precipitated iron in single-crystalline silicon
wafers. In this work, we carried out similar researches of
the effect of gettering of recombination-active impurities
in polycrystalline solar silicon, which is widely used in
solar power engineering.

2. Experimental Technique

2.1. Getter fabrication
In early works [6, 7], the method of gettering with a
damaged layer obtained by grinding the wafer backside
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was proposed. The optimum dimension of the abrasive
fraction for grinding was 60 µm. The thickness of a dam-
aged layer obtained under those conditions amounted to
about 20 µm. Then the layer was ground to a thick-
ness of 10 µm. The wafer was annealed in an inert en-
vironment at a temperature of 1070–1470 K for 1–4 h.
As a result, a network of dislocations with a concen-
tration of 108–1010 cm−2 was formed in the gettering
layer. This network has the accumulation effect. In the
course of annealing, the harmful impurities move in the
specimen bulk until they are captured at dislocations in
the damaged layer. In such a manner, the wafer bulk is
purified of recombination-active impurities. Substantial
shortcomings of this method are the necessity of a slow
cooling after a thermal treatment, a bad reproducibility
because of the imperfect control over the structure and
the thickness of a damaged layer, considerable mechan-
ical stresses, etc.

In the proposed technology, instead of a mechani-
cal treatment, we use a porous layer with a deposited
thin layer of aluminum. The surface of single- and
polycrystalline silicon wafers is preliminarily purified
of recombination-active impurities. The application of
porous silicon in solar cells as an antireflecting, reemit-
ting, and passivating layer is well-known [14, 15]. In this
work, we propose to use porous silicon as a getter. The
corresponding thermal treatment results in a decay of
impurity-defect recombination complexes and a subse-
quent removal of recombination-active impurities. The
latter is evidenced by an increase of the diffusion length
for minority charge carriers. The getter is formed at the
backside of the wafer, oppositely to the face with the
collector p− n-junction.

The initial procedure is aimed at removing the dam-
aged layer formed as a result of the cutting of wafers. In
order to remove the damaged layer, the wafer was treated
in a polishing etching solution HF:HNO3:CH3COOH =
1:4:5 for 2 h. The thickness of the etched layer was about
5 µm at both wafer faces.

A layer of porous silicon on the surface of single-
and polycrystalline wafers of the p-type with a specific
resistance of 0.5–1 Ω × cm was obtained by applying
the chemical etching in a decorating etching solution
HF:HNO3:H2O. Silicon is dissolved according to the re-
actions

Si + 2H2O + ne+ → SiO2 + 4H+ − (4− n) e−, (1)

SiO2 + 6HF→ H2SiF6 + 2H2O. (2)

In a solution with an excess of HNO3 or HF, the param-
eter n = 4 or 2, respectively.

While forming a porous layer on the polycrystalline
silicon surface, the important factor is the uniformity of
the porous silicon over the surface, because the wafer
includes domains with different orientations of crystals
which are etched also differently. The etching uniformity
strongly depends on the composition and the tempera-
ture of an etchant.

In the etching solutions with a high HF content, the
oxidation rate imposes a restriction. In this case, the
etching process is less uniform (anisotropic), because the
oxidation is very sensitive to the doping level, crystal ori-
entation, and presence of defects. The oxidation process
occurs selectively, in particular, at the places of their out-
put. On the other hand, the etching process runs more
uniformly in solutions with a high HNO3 concentration,
with the reaction rate being governed by the dissolu-
tion stage. For etchants with a high HNO3 content and
within the temperature interval 30–50 ◦C, the dissolu-
tion kinetics is confined by the diffusion of reaction prod-
ucts through the boundary layer to the wafer surface.
The diffusion-induced confinement suggests that the re-
action rate is much lower than the reagent exchange.
Therefore, the etching runs more uniformly.

In our researches, a porous silicon layer was ob-
tained with the use of a stairing etching solution
HF:HNO3:H2O = 1:3:5, with the HF and HNO3 con-
centrations being 48 and 98%, respectively. A charac-
teristic feature of the etching process was the incubation
period ranging from 5 min to several hours. To reduce
it, the additional preliminary etching in a more concen-
trated acid etchant, HF:HNO3:H2O = 1:3:2, was used
until the reaction started (from 10 to 15 s). A gas, which
was emanated at that, interfered the normal supply of
reagents to the wafer surface. Therefore, bubbles had to
be constantly removed from the surface, e.g., by stirring,
an ultrasonic treatment, and so forth. Visually, a good
specimen of porous silicon had a black-brown coloring.

The thickness of porous silicon was determined ac-
cording to the empirical equation

d = r(t− t0), (3)

where d is the thickness of porous silicon (Å), t the
etching time (s), t0 the incubation period, rt0 = 80 Å,
r = aX, a = 103 Å/(s·(mol/l)), and X is the concentra-
tion of HNO3 in the etching solution (mol/l).

In Fig. 1, the results obtained while searching for op-
timum regimes of the formation of a porous layer under
the used etching conditions are depicted. The following
features draw attention: (i) the thickness of porous sil-
icon is a function of the etching time (one can observe
the incubation period t ≈ 2 min, when the porous layer
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does not grow), (ii) there exists a maximum in the de-
pendence d(t), and (iii) the porous silicon layer becomes
narrower after its treating for t ≈ 8 ÷ 10 min owing to
the etching of the porous layer by reaction products.

2.2. Peculiarities of the gettering of a
polycrystalline silicon wafer with
the use of a combined getter

The gettering of recombination-active impurities was
carried out according to the following subsequent stages:
(i) formation of a porous silicon layer 3–4 µm in thick-
ness on the wafer backside, (ii) sputtering of an alu-
minum layer 0.5–1.2 µm in thickness onto the porous
silicon, and (iii) thermal annealing of the specimen in
the temperature range 700–900 ◦C. Such a routine, as
was showed by previous researches dealing with single-
crystalline solar silicon [11–13], is characterized by a high
efficiency for both poly- and single-crystalline silicon. It
stimulates the growth of nonuniformities in the course of
the following high-temperature annealing, which is used
in the semiconductor technology.

The experiment showed that a layer of porous silicon
3–4 µm in thickness can be fabricated with the chemi-
cal etching; this method being characterized by a high
degree of reproducibility (Fig. 1). However, longer etch-
ing times give rise to the dissolution of silicon, so that a
thickness of 8–10 µm is maximal for porous silicon.

The deposition of an aluminum film 0.5–1.2 µm in
thickness can be executed taking advantage of the ther-
mal, electron-beam, or magnetron sputtering. The an-
nealing temperature was within the interval 700–900 ◦C.
The annealing time was varied from 10 to 120 min, which
was necessary for aluminum to penetrate into pores in
the porous silicon layer and to form Al–Si alloy, thus
freeing recombination-active impurities into the getter-
ing region. The annealing time was determined by the
thickness of the aluminum film and the time needed for
impurities to reach the gettering region. For a typical
silicon wafer 250–350 µm in thickness, the optimum an-
nealing time was about 30 min.

Aluminum diffuses along the wafer surface, forms
traps for recombination-active impurities, and dissolves
them. As a result, the gettering makes the diffusion
length for minority charge carriers substantially longer
in both single- and polycrystalline silicon (LD = 150 ÷
200 µm and even more). The advantages of the method
proposed include a capability of implementing the get-
tering procedure into the technology of solar silicon man-
ufacture and the technology aimed at manufacturing mi-
croelectronic devices. In addition, we have a substantial

Fig. 1. Dependence of the porous silicon thickness on the chemical
etching time

reduction of the thermal annealing temperature in com-
parison with those applied in other gettering techniques.

2.3. Measurement of recombination parameters.
Experimental results

The optimum regime for the creation of a getter and
technological procedures was found from the experimen-
tal data on the diffusion length LD (or the lifetime τeff
of minority charge carriers), which were measured with
the use of the spectral dependences of the surface photo-
voltage, VF (Eλ). The corresponding data are depicted
in Fig. 2. It is evident that the thickness of the porous
silicon layer, where an increase of the maximum diffusion
length, LD, is observed, equals about 3–4 µm (in Fig. 2,
squares mark the growing section of curve 1, and circles
the descending one) for the aluminum layer 0.5–1.2 µm
in thickness (Fig. 3). The gettering time was approxi-
mately equal to 30–60 min (Fig. 4), and the annealing
temperature to 700–850 ◦C (Fig. 5). Under those condi-
tions, an improvement in the uniformity of the diffusion
length distribution was observed.

3. Results and Their Discussion

Experimental data on a reduction in the amount of
recombination-active impurities were obtained by mea-
suring the diffusion length of nonequilibrium electron-
hole pairs, LD, which is connected with their life-
time, τ = L2

D/D. The probability of the recombina-
tion, w ∼ 1/τ , is proportional to the concentration of
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Fig. 2. Dependence of the diffusion length variation on the thick-
ness of a porous silicon layer

Fig. 3. Dependence of the diffusion length variation for minority
charge carriers on the thickness of an aluminum layer

recombination-active centers,

Nr = (vCnτ)
−1
,

1
τ

=
D

L2
D

, (4)

In Fig. 5, the data obtained for the temperature de-
pendences of the relative Nr are plotted for two getter
types–an Al layer and a combined getter “porous Si/Al
layer”. The obtained experimental data can be described
in the framework of a model which includes two diffusion
coefficients of iron atoms, normal and enhanced ones.

Fig. 4. Dependence of the diffusion length variation for minority
charge carriers on the annealing time

Fig. 5. Dependence of the diffusion length variation ΔL on the
annealing time for various layered systems. (t = 40 min)
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These two channels of diffusion in polycrystalline silicon
may correspond to the diffusion in the bulk of a sili-
con wafer (normal diffusion) and along its surface with
a following drain at grain boundaries (enhanced diffu-
sion).

Let us consider the obtained data in detail. As is
seen from Fig. 5, in the absence of a getter, a 30-min
annealing in the whole temperature range almost did not
change recombination parameters. The solid curve in the
upper panel reveals a small decrease of LD at T ≥ 850 ◦C
for both the initial specimen and the specimen covered
with a porous layer which, hence, functions weakly as a
getter. On the other hand, the deposition of an Al layer
even on the initial surface demonstrates the getter action
in the temperature range 730–830 ◦C (a maximum takes
place at 750–800 ◦C with the almost double increase,
Fig. 5). An even larger growth of LD was observed in
the case of a combined getter “porous layer + Al layer”
(see the lower panel in Fig. 5). Here, the increased LD-
values are observed in a wider temperature range of 670–
900 ◦C. The quantity concerned attains a value of about
100 µm and more in its maximum, by exceeding the
initial value by a factor of 5 to 10.

It is important to mark two more features in the
growth of LD. In the range of low annealing tempera-
tures, at about 500–700 ◦C, the corresponding growth of
the diffusion length (by 25–30%) was almost identical for
simple (Al) and combined getters. This low-temperature
effect cannot be associated with the mechanism of an-
nealing of thermally induced donors, because it is ab-
sent in the case without the Al getter layer (the upper
panel in the figure). We connect it with the presence
of a near-surface layer which is characterized by an el-
evated mobility of recombination impurities. The layer
thickness was estimated as d ∼ (tD)1/2, where t is the
annealing time amounting to about 0.1–0.2 times the
specimen thickness dv, and D is the diffusion coefficient
for getterated impurities [16].

Hence, the obtained experimental data testify to the
two-channel gettering on polycrystalline silicon. Note
that, for a single-crystalline material where drains (crys-

Element Ce, Nr D, cm2/c Nexp

(impurity) cm2 cm−3 (900 K) ppm cm−3

Au 5×10−16 ∼ 1016 2×10−6 10−3 ∼ 1013

Mg 10−15 3×1015 5×10−7 1.3×10−2 ∼ 5×1014

Fe 1.5×10−15 2×1015 5×10−7 2.5×10−1 (1–5)1015

C2 < 10−15 > 3×1015 10−7 6×10−3 ∼ 1014

V – – 10−10 3×10−4 < 1012

Ti > 10−14 ≤ 3×1014 10−12 10 ≤ 1012

tallite boundaries) from the external surface are absent,
this mechanism is also absent.

Another feature in the dependences of the diffusion
length at the annealing is a high-temperature quench-
ing of the photoconductivity, i.e. a reduction of LD not
only to the reference value (at T ≈ 850 ÷ 900 ◦C), but
to much smaller values, LD � L0

D. The mechanism of
this effect can be partially connected with the activation
of internal getters, e.g., precipitated SiO2, and with the
formation of complexes FeSi2, FeB, and others, which
are more recombination-active owing to mobile intersti-
tial Fe atoms [3–5]. The elimination of this effect will
comprise an important following stage in the researches
of processes aimed at the stabilization of the photosen-
sitivity of solar silicon. In the case of the two-channel
transport mechanism, the total concentration of centers
contributing to the recombination is given by the rela-
tion (for independent channels)

WΣ = Σ
1
τ
≈ NV +NS . (5)

The low- and intermediate-temperature sections of
plots in Fig. 5 enable the ratio between the amounts
of iron that are generated on the surface and through
the bulk of polycrystalline silicon wafers to be evaluated
(0.3 and 0.7, respectively).

Let us compare the data concerning the contents of
widespread recombination-active impurities in the stud-
ied polycrystalline p-silicon material, which were de-
termined using the method of plasma-discharge mass-
spectroscopy (see Table), with the estimates of the con-
centration Nr made for the same elements on the basis
of measurements of the initial lifetime of charge carriers
and using the known literature data on the transverse
cross-section for the electron capture, Cn [2],

Nr = D/vCn l
2
D, (6)

where v is the thermal velocity of electrons. Those data
are presented in the table.

The table also contains estimates for the effective dif-
fusion coefficient D for various recombination impurities
at 900 ◦C, which were obtained in the approximation of
the dominating role of the gettering process in the for-
mation of temperature dependences and assuming the
dominating role of the mechanism of diffusion drain of
impurities onto an external getter (the Al film). One
can see that the coincidence is the best for the Fe impu-
rity with respect to all comparisons (Table), which may
indicate that Fe is possibly the main impurity that con-
siderably worsens the photosensitivity of studied silicon
wafers.
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4. Conclusions

In this work, the peculiarities in the gettering of
recombination-active impurities in polycrystalline silicon
have been considered using a technique that includes the
consecutive formation of a porous silicon layer 0.5–2 µm
in thickness on the backside of a silicon wafer, the depo-
sition of an aluminum layer 0.5–1 µm in thickness, and
the thermal annealing at a temperature of 700–950 ◦C
for 30–60 min. A model of the gettering in polycrys-
talline silicon wafers within this method has been pro-
posed. The model implies the diffusion of iron atoms
through two, most probable, independent channels: in
the wafer bulk and along grain boundaries. By com-
paring the results of the model with experimental data,
we determined that 30% of gettered impurity atoms dif-
fuse more intensively along grain boundaries, and 70%
of them in the grain bulk.

Three stages have been distinguished in a variation
of the lifetime τ of photo-induced charge carriers at the
annealing:
1) relatively low-temperature: at 300–550 ◦C,
2) intermediate-temperature: at 600–900 ◦C,
3) high-temperature: at 900–1100 ◦C.
In case 1), the lifetime τ grows by about 20–30% and
saturates already at T ≈ 500 ◦C.

The character of τ -variations, as the temperature of
the annealing with a getter changes, substantially dif-
fers from that for “getter-free” specimens (without an
external getter), where those variations are mainly gov-
erned by the behavior of “oxygen recombination cen-
ters”, in which the dominating role is played by the
oxygen binding at defects of various types. Typical
of getter-free oxygen-containing Si (of both n- and p-
types) is a reduction of τ at the annealing at tem-
peratures below 900 ◦C and its growth, if the anneal-
ing temperature falls within the interval from 900 to
1200 ◦C. It occurs owing to the formation of oxy-
gen recombination centers and their decay, respectively
(these phenomena have been analyzed in detail in re-
view [2]), whereas the presence of an external getter
gives rise to substantial changes in the behavior of re-
combination (and, hence, photosensitive) characteris-
tics.

The work was carried on in the framework of the
State goal-oriented NT Program “Creation chemico-
metallurgical branch for manufacturing pure silicon in
2011–2015” (theme 1-3.3 “Development and implemen-
tation of technology for the formation of non-strained
homogeneous ingot”).
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ДВОКАНАЛЬНЕ ГЕТЕРУВАННЯ
РЕКОМБIНАЦIЙНО-АКТИВНОЇ ДОМIШКИ
В СОНЯЧНОМУ ПОЛIКРИСТАЛIЧНОМУ КРЕМНIЇ

В.Г. Литовченко, В.М. Насєка, А.А. Євтух

Р е з ю м е

У данiй роботi розглянуто особливостi гетерування рекомбiна-
цiйно-активних домiшок у полiкристалiчному кремнiї методом,
що включає послiдовне формування шару пористого кремнiю
товщиною 0,5–2 мкм на зворотному боцi кремнiєвої пласти-
ни, осадження шару алюмiнiю товщиною 0,5–1 мкм та тер-
мiчний вiдпал при 700–950 ◦С протягом вiд 30 до 60 хв. За-
пропоновано модель гетерування даним методом, яка вклю-
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чає дифузiю атомiв залiза по двох найбiльш ймовiрних не-
залежних каналах – в об’ємi пластини та по границях зе-
рен. Iз зiставлення результатiв моделi з експериментальними

даними встановлено, що 30% атомiв вiдгетерованої домiшки
дифундують прискорено по границях зерен, a 70% – в об’ємi
зерен.
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