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Abstract

Fluorine-doped tin oxide (SnO
x
:F ) films on glass substrates have been prepared by reactive magnetron DC-sputtering in

Ar–O2–Freon plasma from a metallic tin target. We studied the relationship between the discharge characteristics and film
properties and found the discharge conditions in which the films belong to the SnO2 or to the SnO stoichiometry, by proposing
a phase diagram for this system. We showed that the film stoichiometry is closely related to the tin valence changes at the target.
We found that there is a narrow voltage band and a limit value in the oxygen content where the films have SnO2 stoichiometry;
outside this region SnO films are obtained. We studied the crystallinity and the optical properties of the SnO2 films. The results
show that crystalline films have cassiterite-like diffraction patterns with preferred orientation in the (110) planes. The crystallinity
of the films is improved when the discharge voltage and oxygen content increase. A thermal annealing of the amorphous films at
500°C leaves them in the crystalline cassiterite-like form. The films have a transmittance of ~80% in the visible region of the
spectrum and a uniform thickness. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction from different sources, or be reactively sputter deposited.
The reactive sputter deposition can be a very complex

Tin oxide films are of great interest owing to their and nonlinear process, due to the various factors
practical applications in technology. Considerable atten- involved. Two operating modes have been described for
tion has been devoted to the study of physical and reactive sputtering discharge [12]: the ‘metallic mode’
chemical properties of tin oxide films [1–8], with applica- and the ‘compound mode’. High sputter rates and,
tions as conductive electrodes in thin film solar cells, therefore, high reactive gas consumption characterize
electronic devices and flat panel displays. However, to the former. In the latter the sputter rate and reactive
the best of our knowledge, very few papers related to gas consumption are low. The transition between these
SnO2 thin films obtained by reactive sputtering from a two discharge modes occurs abruptly at two critical
metallic target have been published and little is known values of the reactive gas flow, depending on the direc-
about the relationship between the processing conditions tion of the transition. The main cause of this hysteresis
and film properties in the SnO2 deposition. effect has been attributed to the formation of a com-

Sputtering is a widely used technique in thin film pound layer in the surface of the target. In order to
processing to deposit compound thin films [6–11]. Such obtain controlled film properties, such as stoichiometry
films may be sputtered from alloy targets, co-sputtered and thickness, one has to regulate the relative rates of

arrival of metal atoms and reactive species to the
* Corresponding author. Tel.: +52-99-8129-60; substrate and to the target. This can be accomplished

fax: +52-99-8129-60. by controlling the discharge power or cathode voltage,E-mail address: amartel@ff.oc.uh.cu (A. Martel )
which allows one to regulate the degree of coverage of1 Invited researcher at Applied Physics Department, CINVESTAV-

IPN Mérida. the target by a compound layer [8–11].
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In this work we used an Sn metallic target, and we fluorine concentration in the films between 1 and 5 at.%,
which was reported as optimal by Borman and Gordonstudy the relationship between the processing conditions

and film properties in the reactive deposition of fluorine- [1] to obtain conductive films. At the lowest Freon value
no fluorine was detected, whereas at the highest Freondoped tin oxide films when the electrical conditions of

the target are regulated. We show that film properties value a fluorine concentration over 5% was obtained.
From this experiment we chose a Freon concentrationcan be controlled either by the discharge power or the

cathode voltage control when the appropriate conditions of 0.1% as the fluorine content was in the desired range.
Once the optimal Freon content was found, ten samplesare chosen, and propose a phase diagram for the

Sn/Ar–O2–Freon system. were grown at constant voltage mode with different
discharge voltages and oxygen contents (30, 40, 45 and
50%). The deposition time was varied between 10 and
30 min. The chemical composition of the films was2. Experimental details
measured by X-ray photoelectron spectroscopy ( XPS),
in a Perkin–Elmer PHI 560/ESCA-SAM system with aThe experiments were carried out in a dc-magnetron

sputtering system, using a US’Gun II DC Power Supply double cylindrical mirror analyzer and a base pressure
of about 10−9 Torr. A Siemens D5000 X-ray diffracto-with an automatic matching network, DC Plasma

Products, Inc., USA. The sputtering target was a 7.6 cm meter with a Cu Ka (l=0.15 406 nm) radiation source
was used to identify the crystalline phases present in thediameter, 99.99% purity, tin metallic supplied by Cerac.

Inc., USA (effective ring form sputter area: 21.2 cm2). films. Transmission spectra between 350 and 900 nm
were performed with a Varian Cary 1E spectrophotome-The substrates employed were Corning 7059 glass,

degreased ultrasonically in a dilute detergent solution, ter. An illuminated area of 1.3×1.3 cm2 was used.
rinsed ultrasonically in deionized water and blown dry
in N2 gas before they were introduced into the chamber.
The substrate was fixed directly below the target with a 3. Results and discussion
target-to-substrate distance of 4 cm. The substrate was
not deliberately heated or cooled. Before each experi- 3.1. Discharge diagnosis
mental run, a pre-sputtering cleaning was performed for
10 min. This time was found sufficient to reach the Fig. 1 shows the results for the first experiment: the

cathodic voltage curves obtained as function of thestationary electrical conditions of the target. High-purity
Ar (99.999%), O2 (99.9%) and tetrafluoroethane (a oxygen content for the runs made in the Ar–O2 and

the Ar–O2–Freon plasmas. Both curves show smooth,commercially available Freon) dilute at 1% in argon
were used. The gases were introduced through individual almost linear decreases until a voltage value of about

530 V, when a change in their slopes can be noted. Thisneedle valves after the vacuum chamber was evacuated
to about 10−6 Torr by a molecular pump (Pfeiffer TPU change in slope can be related to the oxidation of the

target from Sn0 to Sn2+, namely, from the ‘metal mode’170, USA). The 1% Freon–argon mixture and the
oxygen were introduced consecutively at the pressure to ‘compound mode’ in the sputtering process. From

this point, in the curve without Freon the voltageneeded to obtain the desired Freon and oxygen content
and then the argon was introduced to reach a total
pressure of 10−3 Torr. All the pressures were controlled
by a precision Bayard–Alpert gage before turn on the
discharge; later, the pressures were not monitored
because of the noise.

Before preparing the films we did two experiments in
order to monitor the discharge behavior. In the first
experiment we fixed the current at 390 mA (effective
current density of 18.4 mA cm−2) and increased the
oxygen content from 0 to 50% while scanning the
cathodic voltage. This experiment was carried out first
with 0.75% Freon and later without it in order to
appreciate the effect that Freon causes. The second
experiment was carried out at 0.1% Freon content with
the power supply in the constant power mode. We varied
the discharge power at different oxygen contents (30,
40, 45 and 50%) while scanning the cathode voltage. Fig. 1. Cathodic potential at constant current of 390 mA (effective

Some films were previously grown varying the Freon current density of 18.4 mA cm−2) as a function of the oxygen percen-
tage at total pressure of 10−3 Torr, with and without 0.75% Freon.content between 0.01 and 0.75%, in order to have a
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decreases smoothly and reaches a saturation value of
about 450 V at an oxygen pressure of 40%. This low
voltage value may be caused by oxidation in the target;
it can be expected that at high oxygen percentages the
target must be fully covered by tin oxide [8–10]. When
Freon is introduced into the chamber the voltage shows
a similar decay as without Freon, reaching a saturation
value of about 485 V with an oxygen content of 30%;
however, when the oxygen pressure is increased to 40%
the voltage suddenly decreases and reaches a new satura-
tion value (~365 V ). This abrupt transition is supposed
to be related to the formation of F−, Cl−, OF− or
OCl− radicals in the discharge [11,13]. This highly
oxidative atmosphere allows the tin valence to change
from Sn2+ to Sn4+. The drop in voltage can be attributed
to the capability of the tin to react with more oxygen
and fluorine when its valence changes [6,7]. The absence Fig. 2. Discharge voltage–power curves for different percentages of
of a sudden voltage drop and a single saturation value oxygen at total pressure (O2+Ar+Freon)=10−3 Torr, with 0.1%

Freon.in the voltage when using only Ar–O2 indicates that the
target does not change its valence from +2 to +4, but
only gets partially oxidized and so the oxidation takes is the Sn0-zone or metallic target. The regions are wider

and better delimited at higher oxygen content; dashedplace mainly at the substrate [7] and the films may
present only the SnO stoichiometry. Despite the high lines in Fig. 2 approximately delimit their boundaries.

The discharge stability is poor in the transition-zone,oxygen pressure used, it can be said that when using
only oxygen as an oxidizing agent the target does not and arcs were often observed in the Sn2+-zone. These

results suggest that, when using an Ar–O2–Freon dis-shift from the Sn2+ to the Sn4+ valence, and the voltage
decrease is only related to the discharge chemistry charge, the more stable oxidation state for the tin is

+4. It can be noted that, for the oxygen contents used,between Ar and O2 [11]. However, when Freon is
present the voltage jumps between two saturation values, the voltage in the Sn4+-zone lies in a narrow band from

around 375 V for 50% O2 to 350 V for 30% O2. Thewhere the first saturation value corresponds to Sn2+
and the second to Sn4+. For the curve without Freon, observed behavior can be explained in terms of the

chemical saturation of the target: in the Sn4+-zone athe voltage change in the metallic-compound transition
is about 120 V. For the curve with Freon the value of completely oxidized film is formed on the target; at

increasing discharge power, when the sputter rate isthe voltage jump (120 V ) is equal to the total variation
of the cathodic voltage from the metallic tin (605 V ) to higher, more oxygen is required to maintain the satura-

tion or the oxide layer tends to be destroyed. We havethe first saturation value (485 V ). This behavior indi-
cates that tin changes its valence in the target from observed sudden voltage changes through the transition-

zone, which correspond with this phenomenon. AfterSn0 to Sn2+ and then to Sn4+, allowing completely
oxidized films (SnO2 stoichiometry), depending only on the change of the oxide layer, the target tends to become

metallic tin, being oxidized at the substrate as Sn2+.the oxygen partial pressure and discharge power used,
and that the Sn0–Sn2+ transition requires less energy These results show that, at sufficiently low discharge

power and high oxygen content, it is be possible towhen Freon is used.
Fig. 2 shows the results of the second experiment: the obtain controlled stoichiometry, despite the low depos-

ition rate. However, if higher deposition rates arevoltage–power curves of the Ar–O2–Freon discharge.
Fig. 2 includes an effective power density axis in order desired, discharge power control may be not suitable,

due to the abrupt transitions observed.to make the experiment scalable. As we already men-
tioned above, the Freon presence increases the oxidation
state of the tin target, allowing the formation of SnO2 3.2. Chemical composition of the films
films. The voltage rises when the power increases, but
there are different behaviors depending on the oxygen From the above results we intended to control the

cathode voltage to deposit the tin oxide films. Table 1percentage. Fig. 2 shows four different regions: in the
first region (Sn4+-zone) the voltage increases very slowly; shows the discharge conditions and the most relevant

film characteristics. These experiments were carried outin the second region (transition-zone) the voltage rises
very sharply; in the third region (Sn2+-zone) the voltage to relate the chemical compositions of the films with the

discharge parameters studied. From Table 1 we can seealso rises, but it does this more slowly than in the second
region, and tends to the fourth region; the fourth region that all the prepared films have a fluorine atomic concen-
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Table 1
The discharge conditions and film characteristics

Sample no. Discharge Films

Target Pressurea (%) Composition (at.%) Growth rate (nm/min)

Power ( W ) Voltage (V ) O2 Ar Sn O F

P1 70 350 50 49.9 37.2 58 4.8 12.3
P2 150 360 50 49.9 36.4 58.9 4.7 43.3
P3 250 370 50 49.9 33.1 64.4 2.5 111.0
P4 275 375 50 49.9 31.5 66 2.5 128.4
P5 300 390 50 49.9 36.5 61.1 2.4 –c
P6 325 450 50 49.9 47.6 51.3 1.1 325.3
P7 200 430 45 54.9 48.8 47.5 3.7 –c
P8 260 450 45 54.9 48.0 50.0 2.0 –c
P9 215 450 40 59.9 49.8 50.2 –b 93.6
P10 360 500 40 59.9 49.2 49.7 1.1 350.0

a P(Ar+O2+Freon)=10−3 Torr, P(Freon)=0.1%.
b Not detected.
c Not measured.

tration between 1 and 5%, with deposition rates depend- times.2 This figure can be considered as the system phase
diagram. In the above phase diagram, the SnO anding on the voltage. The films P1–P4, prepared at 50%

oxygen and voltages less than 375 V, show a mean value SnO2 phases are separated by a forbidden zone (the
transition one); as can be seen from Figs. 2 and 3,of tin atomic concentration of 34.5%, which is very close

to the stoichiometric value of the tin dioxide (SnO2; neither curve-points nor film-points were found in this
region.3 The points belonging to the SnO2 stoichiometry33.3% Sn). We consider these films as stoichiometric

films of SnO2. However, for higher voltages or lower films (P1–P4) fall in the Sn4+-zone, explained before as
a region where the target is covered with an SnO2 layer.oxygen pressures (films P6–P10) the stoichiometry of

the films tends to be tin monoxide (SnO; 50% Sn). The film P5, which still has SnO2 stoichiometry, is
placed at the beginning of the transition zone. The filmFig. 3 shows the localization of the film growth

processes voltage–power curves already explained. The P6 (50% oxygen), is placed on the Sn2+-zone of the
corresponding curve and it has SnO stoichiometry. Fordifference between film points and the respective curves

is due to different operation modes and processing the P1–P6 films it is evident that there is not a linear
relationship between voltage applied and power mea-
sured as was expected from the results of other authors
[8,9]. The films obtained with less oxygen pressure than
50% (P7–P10) also have SnO stoichiometry, and they
are in the Sn2+-zone of the respective curves. These
results show that the regions delimited in Fig. 2 really
correspond to the phase diagram (Fig. 3) of the
Sn/Ar–O2–Freon system, and that there is only a narrow
band in which the films have the stoichiometry of
SnO2. This band is pointed out in Fig. 3. The band
width is about 25 V and the mean value of voltage

2 Each film-point represents an independent experiment, which was
done over a long time (10 min of pre-sputtering plus 10–30 min for
the film), in the fixed voltage mode. For this long time the discharge
becomes very well established. The curve was done in one experiment
in the fixed power mode. In this mode, the voltage rises after the power
is fixed: at first rapidly, then slowly. The pre-sputtering time for each
curve point was 5 min. At this time the voltage is established, but at
a long time the curve shifts towards higher voltage values.

Fig. 3. Film growth processes (P1–P10) in the constant voltage mode 3 The current–voltage (I–V ) curves can be plotted from the power–
voltage data. This plot shows a negative slope for the higher oxygenlocated on the discharge power–voltage curves, phase diagram, for

different percentages of oxygen under the same pressure conditions as content in the transition-zone. This demonstrates that the above zone
is properly a transition and forbidden one.in Fig. 2. (Axes are exchanged to relate with Fig. 2).
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(367.5 V ) is practically the same as the second saturation shown the X-ray diffraction patterns for the SnO2 films.
It can be seen that the film P1 has an amorphous nature,value of the cathodic voltage in the Ar–O2–Freon mix-

ture (~365 V ) shown in Fig. 1. It has been pointed out whereas P4 (grown at a higher voltage) has the best
crystallinity of all and showing the (110), (101), (200),that the constant voltage mode allows one to fix the

degree of oxidation of the target surface [8–10] and to (211) and (311) cassiterite-related diffraction peaks.
This means that the films became more crystalline asavoid the instabilities inherent in the constant current

(or power) mode. However, some reactive gas–metal the voltage was increased. This improvement of the
crystallinity can be associated with the heating of thesystems cannot be controlled with this method [10]. Our

results show that the Ar–O2–Freon mixture and the substrate by increased ion bombardment, particularly
by oxygen ions, which also causes more oxidation and,metallic Sn target belong to this case. The observed

behavior is supposed to be due to the occurrence of a consequently, a closer SnO2 stoichiometry, as shown in
Table 1. These effects may improve the coalescence ofvalence change in Sn from 0 to +2 and later to +4 in

the presence of the Ar–O2–Freon plasma, as we have the clusters during the film growth. In contrast, for the
P1 film there is less heating and less oxygen impingementalready explained. This change of valence causes an

inherent instability in the target oxidation rate, because present and, consequently, an inferior crystallinity and
SnO2 stoichiometry were obtained. To investigate thethe Sn2+/Sn4+ ratio in the target would be very difficult

to control and an additional problem is that the oxida- role of substrate heating in the structural properties of
these films, we prepared the P11 film in duplicate. Ittion in the substrate can change in a nonlinear way the

Sn2+/Sn4+ ratio in the film [6,7]. Thus, absolute control was deposited using the same conditions as the P1 film,
but the substrate was heated at 500°C during growth.of the stoichiometry in the whole range of oxygen

pressures and voltages is very difficult without a feedback A thermal annealing of the films P1 and P11 was carried
out in air at 500°C for 6 h. The X-ray diffraction patternscontrol of gas pressures during the entire process and it

may be necessary to bias the substrate to control the of the P1 and P11 films before and after thermal
annealing are shown in the Fig. 5. The as-grown P11degree of oxidation of the arriving tin in there.
film shows an X-ray pattern very similar to that of the
P4 film, without noticeable changes after the annealing,3.3. Structural characterization of SnO

2
films

except a slight narrowing of the (110) and (211) peaks.
The P1 films shows more remarkable changes afterSince SnO2 films are more widely used in microelec-

tronics and other applications than SnO, we focused thermal annealing, becoming crystalline with three
strong cassiterite peaks: (110), (101) and (211). Theseour attention on the SnO2 film properties and their

relationship with the growth conditions. In Fig. 4 are results show that the heating of the substrate and the

Fig. 5. X-ray diffraction patterns of two SnO2 stoichiometric films (P11
Fig. 4. X-ray diffraction patterns of the SnO2 stoichiometric films intentionally heated at 500°C during the growth, and P1 not heated):

(1) before thermal annealing; (2) after 6 h of thermal annealing in airgrown without intentional heating at different discharge voltages (P1:
350 V; P2: 360 V; P3: 370 V; P4: 375 V ). at 500°C.
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Fig. 7. Dispersion curves of the refractive index n and the extinctionFig. 6. Transmittance spectrum of transparent, P1 (370 nm) and P4
coefficient k for the P1 and P4 SnO2:F films.(2568 nm) SnO2:F films.

Ar–O2–Freon plasma from a metallic tin target were
improved oxidation caused by ion bombardment are investigated. A phase diagram was proposed and
responsible for the better structural and stoichiometric described for the Sn/Ar–O2–Freon system. We found
properties of the P4 film. that the behavior observed is related to the valence

changes in the tin target from Sn0 to Sn2+ and then to
3.4. Optical properties of the SnO

2
films Sn4+ when Freon is added. It was shown that the

chemical composition of the films is closely related to
Fig. 6 shows the spectral transmittance measurements the voltage and oxygen pressure in the voltage control

for the P1 film (370 nm thickness) and the P4 film mode and that there is a narrow band of voltage and
(2568 nm thickness). The substrate effect was not included oxygen partial pressure where the films have the SnO2in the measurements. The curves show that for both films stoichiometry; outside of this region the SnO stoichiome-
the transmittance is about 80% in the 500–900 nm wave- try was obtained. We found that both discharge power
length region and they have good thickness uniformity. and voltage control modes in the film growth have
These values of the transmittance agree well with the individual disadvantages. This is because of the complex
results reported by Di Giulio et al. [4] for good transpar- chemistry in the plasma and the valence changes in the
ent films. The optical constants n and k of the films were target, in conjunction with tin oxidation in the substrate.
calculated using the method developed by Manifacier Biasing the substrate and gas control feedback system
et al. [14], and the results are shown in Fig. 7. The has been proposed to control the film stoichiometry
dispersion curves of the refractive index agree well with better. We found that the crystallinity of the SnO2the results of Di Giulio et al. [4] for SnO2 films obtained stoichiometric films becomes better when the discharge
by spray pyrolysis. However, the curves of the extinction voltage increases. This is due to the improved oxidation
coefficient do not agree with the results of these authors. and the heating of the substrate by ion bombardment
This difference must be interpreted in terms of the at high voltages and oxygen contents. Well-defined
absorption mechanisms in the visible region of the (110), (101) and (211) cassiterite peaks were obtained
spectrum (hn<E

g
), which is dominated by band tails and at these conditions. We have calculated the optical

defects that are particular for each method. constants n and k of the films and found good agreement
(for n) with those reported by other authors.
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Abstract

Aluminum is usually deposited and alloyed at the back of n+-p-p+ silicon solar cells for making a good ohmic
contact and establishing a back electric ®eld which avoids carrier recombination at the back surface. Typically, the
aluminum thermal treatment is made at temperatures around 6008C for short periods (10±30 min). However,

recently it has been suggested that the alloyed region could act as a metallic impurity `getterer', but still little work
has been done on this phenomenon. Therefore, we have made experiments in order to observe the e�ect that
di�erent annealing treatments of the aluminum have on the characteristics of solar cells. In this paper, we show that

short-circuit current and open-circuit voltage both improve when aluminum is annealed at temperatures of 8008C
for 40 min, when compared to the typical aluminum thermal annealing (6008C for 10 min). From spectral response
measurements, we determined that there was improvement of the base minority carrier e�ective di�usion length due
to the high temperature aluminum annealing. Furthermore, from DLTS measurements we have determined that the

iron concentration in the base is reduced when the annealing is made at 8008C for 40 min. In other words, there
appears to be real metallic `gettering' by the high temperature treatments, since the improvement seems to be due to
the reduction of the recombination centers in the base when iron is extracted from it. These results are encouraging

and further experiments will be made in order to improve even more the conversion e�ciency of silicon solar
cells. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Silicon solar cells made from p-type base material,

in addition to the n+ di�used emitter, require the

formation of a p+ region at the back with two main
purposes:

1. to have low contact resistance at the back;
2. to create an electric ®eld (minority carrier re¯ector)

which reduces carrier recombination at the back

surface.

The p+ region is made by deposition of aluminum
and alloying it at the back of the cell. In order to do

this, a solid phase solution of aluminum in silicon is
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formed by annealing the deposited aluminum above

the eutectic temperature (5758C). Typically, the alumi-
num is annealed at 6008C for times between 10 and
30 min [1,2]. However, it has been suggested that the

great amount of dislocation and stresses induced at
this surface, because of this process, could cause a met-
allic `extrinsic gettering' e�ect [3±5]. This phenomenon

would be bene®cial for the e�ciency of solar cells since
metallic impurities usually produce deep levels in the
silicon bulk, degrading the minority carrier di�usion
length. In order for this `gettering' phenomenon to

occur, the metallic impurities introduced in the ma-
terial during the fabrication of the cells must di�use
from the bulk to the surface region. Here there is a

high segregation coe�cient for these impurities due to
the high concentration of defects [1]. In order to help
the metallic di�usion, the temperature must be

increased to values above the typical aluminum alloy-
ing temperature, for example between 700 and 8008C.
Hence, a systematic study about the e�ect that an

annealing process, of the aluminum at the back of sili-
con solar cells, has on the open-circuit voltage and
short circuit current should be made. In this work, we
present experiments on silicon solar cells where we

made annealing treatments of aluminum at two di�er-
ent temperatures (600 and 8008C), and compare the
results for cells where there was no aluminum alloying.

2. Experimental

We made silicon solar cells from 300 mm thick Cz

silicon wafers with resistivity in the range between 1

and 3 O cm. The n+ di�usion was made at 9008C
from a POCl3 source in an open tube furnace. After
this step, the emitter sheet resistance was between 120

and 140 O/square. Silicon nitride grown by plasma
enhanced chemical vapor deposition (PECVD) from a

mixture of SiH4 and NH3 at 2508C was used both as
photo-lithographic mask, in order to de®ne the contact
®ngers at the top, and anti-re¯ection coating. On the

top ®nger region, a second di�usion was made such
that a high phosphorus concentration was obtained
under the contacts, reducing in this way the solar cell

series resistance. The silicon nitride thickness was
around 80 nm, which is appropriate to serve as an
antire¯ection coating on silicon. At the back of the

solar cells, aluminum was evaporated and annealed as
described. In order to sensitize the silicon surface,
immersion in PdCl dried at 1208C was used, and then

Ni was deposited by an electroless process to have
ohmic contacts at both surfaces. The ®nal structure of
the cells is shown in Fig. 1. Such a structure corre-

sponds to what is usually known as a Selective Emitter
Solar Cell.
Three groups of solar cells were realized. In the ®rst

group (03N), a 1 mm thick aluminum layer was evap-
orated and annealed in `forming' gas at 8008C, 40 min.
For the second (05N), also 1 mm of aluminum was

deposited, but the annealing was made in `forming' gas
at 6008C during 10 min. For the third group (07N) no
aluminum was deposited, nor was any annealing made

on them. The latter were used only as reference cells.
Dark I±V measurements were made as a function of

Fig. 1. Schematic of the Selective Emitter Solar Cells fabricated in this work.
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temperature, in the range between 77 and 333 K by
using a Keithley automatic system. We also measured

the I±V curves under a tungsten-halogen lamp illumi-
nation calibrated to have 100 mW/cm2 on the cells.
This arrangement simulates approximately the AM 1.5

solar spectrum on the cells. We also made quantum
e�ciency (spectral response) measurements by using a
monochromator with a di�raction grating of 1200

lines/mm and calibrated the system with a (1 cm2)
commercial silicon photo-detector. Finally, we also
made DLTS measurements using a Bio-Rad 4600DL
automatic system.

3. Results and discussion

The ®rst important result can be observed in Fig. 2
where the dark I±V measurements at 3008 K are

shown for typical cells of each group. The dark current
is signi®cantly smaller for cells of the group 03N as
compared to cells of the other two groups. For vol-

tages below 0.4 V, the saturation current seems to be
dominated by recombination in the space charge
region in all cases, however the ideality factors (n ) for

groups 05N and 07N were signi®cantly higher than for
the 03N group. In order to determine the transport
mechanism, we plotted the variation of the product
nkT, where n is the ideality factor, k is the Boltzman

constant and T is the absolute temperature, as a func-
tion of the absolute temperature itself. Typical results
for 03N and 05N cells are shown in Fig. 3. Notice that

the product nkT is almost constant for cells 05N while
for 03N cells there is a variation as a function of ab-
solute temperature. This result means that recombina-

tion in the space charge region is enhanced by carrier
tunneling for cells 05N, but in the case of cells 03N it
seems to proceed through Shockley±Read±Hall deep

levels [6,7]. Furthermore, the activation energies for
the saturation current densities above 250 K were 0.47
and 0.56 eV, respectively. This result seems to indicate
that levels around mid-gap in silicon are very active as

recombination centers in this case.
The DLTS measurements gave us further evidence

that for cells 05N deep levels might be causing the

enhanced recombination in the space charge region. In
this case, a trap level 0.34 eV below the conduction
band was observed with a concentration around

2 � 1014 cmÿ3. According to Schroder [7] this level
may be associated to iron in silicon and also to ther-
mal stresses during the technological steps. In the case
of cells 03N, the resolution of the DLTS system did

not allow the determination of the concentration of

Fig. 2. Typical dark I±V curves at 300 K for cells with di�er-

ent aluminum annealing.

Fig. 3. Product nkT as a function of the absolute temperature

T for cells in the groups 03N and 05N.

Fig. 4. Relative spectral response measurements for cells in

the di�erent groups.
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these levels. In other words, there is a reduction of

traps associated to iron, very likely due to the alumi-

num annealing at higher temperatures. Hence, we
should expect improvement not only on the dark cur-

rent and open-circuit voltage, but also on the minority

carrier e�ective di�usion length, which should cause a

better short circuit current for cells annealed at high

temperatures.

We con®rmed the latter from the typical spectral re-

sponse measurements shown in Fig. 4, for the di�erent
kinds of cells. Notice that cells 03N have a better re-

sponse for wavelengths above 900 nm, as compared to

the other two groups. The e�ective di�usion length

can be estimated from these curves: for cells 07N it

was around 86 mm, for cells 05N it was 117 mm and

for cells 03N it was around 156 mm, which agreed with

our previous expectation. Therefore, cells 03N should

not only have better open circuit voltage, but also

improved short circuit current with respect to the

other two groups, as con®rmed by the I±V measure-

ments under simulated AM 1.5 illumination shown in
Fig. 5. In Table 1 we summarize the results obtained

from these curves. Hence, the conversion e�ciency

improvement, from 10.5% for cells 05N to 12.7% for

cells 03N, is achieved because of the annealing of

aluminum in forming gas at temperatures around

8008C as compared to conventional processes made at

6008C.

4. Conclusions

We have con®rmed that annealing aluminum in
forming gas at temperatures around 8008C cause the
improvement of the electrical characteristics of silicon

solar cells. In particular, from DLTS measurements it
seems that there is `gettering' of iron impurities intro-
duced during the fabrication processes. The transport

of impurities from the bulk to the back surface
(alloyed with aluminum) reduces the dark current and
increases the e�ective di�usion length as determined

from dark I±V and from spectral response measure-
ments, respectively. All these e�ects cause a global e�-
ciency improvement for cells where aluminum is
annealed at 8008C as compared to conventional cells

where the annealing is made at 6008C.
These results are encouraging, but we need to

improve further our cells by reducing the surface

recombination velocity with a good passivating layer.
We should have even better spectral response for short
wavelengths, allowing us to have better short circuit

current densities. We are in the process of optimizing
the silicon nitride layer for this purpose [8].
It seems that iron atoms from the bulk move

towards the back surface, but annealing for 30 min is
not enough to have full metallic `gettering'. Dark cur-
rents are still dominated by recombination in the space
charge region of the cells. Hence, a further study must

be made in order to determine the optimum treatment
time. This study will be made in the near future,
besides observing the e�ect that the aluminum layer

thickness may have upon the e�ciency for this kind of
silicon solar cells when aluminum is alloyed at such
temperatures as reported here. When all these improve-

ments are put together, we expect e�ciencies above
16% which is good for an industrial technology such
as ours.
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+� ���� ,�)" ,� ��� -�.�) �	���)�� �����)������ %���� �)���	��. ��% .)����. ����%���� /0)�� %��0
�)������ 
1+/&2� �� ���%� ���(���	 ��(�������� ��% ��)����)� �� ��� 3%4�53%�5+465.	��� ����)�0
��)����)�� 4�� 3%� 	���) ,�� %�������% �� +46 
+�����678,� �����)���� �� ���(���	 ���� %�����0
���� ��% ��� 3%4� ��	( ,�� %�������% �� %���	�0���� �	��� ����� ���	�(������ 9� ����% �� -:�
�)���	��. � ��)��. ����)(�;��. �� ��� 3%�5+46 ��% 3%�53%4� ����)����� �����)(�% �� 1+/&2
��% �'�%����� �� �,� %�������� ����� ��) ��� 3%� ���� ��� +46 (��)�;� -%%������		� ��� 3%�5+46
��)����)� ,�� ����)���	� ��'����.���% �� �)%�) �� "��, ��� ���	����� �� ��� �����)��� )��.����� ��
��� ����)���)����)� �����)(������ 4�� (�)���	�.� �� ��� +46 �����)��� ��% ��� ��0%�������% 3%�
	���) ,�� ���%��% �� ���(�� ��)�� (��)������� 4�� ��� �� 1+/&2 ���,�% �� �� �����	 �� ���%�
��� ����)� 3%4�53%�5+465.	��� ����)���)����)�� 4�� +46 )��.����� ��� �)�'�% �� �� �� ���	���0
���. �����) �� ��� ��)����)�	 �����)�� ��% ��..����% ���� 3%� )��.����� ��� �	�� ���	����� ��� ��0
��)'�% ��(�������� �)���	���
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���� ��	�) ��		� ����% �� 3%4�53%� ����)���)����)�� <� �=� 4���� �%'����� ,�)� ����(0
�	����% �� ����. %����)��� ������#��� ���� �� �	���0�����% ���	�(����� 
3��� <� �=
�	���)�%��������� <$= �������	 '���) %��������� <>= ��% ��)��� �)�����. < =� +� �		 �����
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1+/&2� �� � ������#�� �����% ��) ��� ���%� �� ��	( 	���)� ������� ��� ����%���� ��.	�
�� ��� /0)�� ���( ��� �� '�)��% ��% ���� ��� �����)����� %���� �� ��� /0)��� <7 �=�
-��	���. ���� �)�����	� ��) � ���'�������	 /0)�� %���)����(���) �����( �� ,���� ���
��.	� � �� �� � ��;�% �������� ��% �� �� ��'����. �� � .����(���) ��)�	� ��� ����)�������
�� ��� C)�.. )��	������� �)� �)�.�����% �)�( ��� �	���� �� �)����	� ����%� ��� ��(�	� ��%
��� ��)�		�	 �� ��� �;��)��	 ��)�����
+� ���� ,�)" ,� ��(���� 1+/&2 ��% -:� %���� �)���	��. �� ���)����)��� 3%�5+465

.	��� ��% 3%4�53%�5+465.	��� ����)���)����)�� ��% �� ������ ����) ��)����)�	 ��% ���(�0
��	 �)���)���� �������		� �� ��� 3%�8+46 ��% 3%4�83%� ����)������ -%%������		� ���
(�)���	�.� �� ��� +46 �����)��� ��% ��� 3%� 	���) �� � �������� �� ��� +46 )��.�����
�� ���%��% �� ���(�� ��)�� (��)������ 
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 #��	�$���� ������ 4�� �����)���� ���% ,�)� 3�)���. 7� * .	��� �����% �� +46

+�����678,� ��)�����% �)�( D�		�� &����)��� - ���� 	���) �� 3%� ,�� %�������% ��
��� �����)���� �� ���(���	 ���� %��������� 
3C2� �� %���)���% �	��,��)� <*=� 4�� )�0
��	���� ��	(� ,�)� ��	�0��		�, ��% ��.�	� �%��)���� -���) )�(�'�	 �)�( ��� 3%� %�����0
���� ���� ��� �����)���� ,�)� �	�)�������		� �	����% �� %�������% ,���) �� )�(�'� ���
	����	� �%��)�% ��)���	�� 4�� 3%� 	���) ,�� ���� )�(�'�% �)�( ��� ���" �� ��� ���0
��)��� ,��� �� � ?3	 )����% %)��% ��% 	��%�% ���� ��� %��������� ���(��)�
4� ����� ��� ��� )�	� �	���% �� ��� +46 �����)��� )��.����� �� ��� 3%� 	���) �)��0

�)���� ,� ���)����% ��� +46 )��.����� �� ?3	 ������. �� %����)��� ��(�� ����)� 3%�
%���������� 6� ����� �����)���� ,� %�������% � ���� 3%� 	���) �� ����� 7� �( �� 3C2�
9� (����)�% ��� )��.����� �� ��� �����)���� �� -@� ��% ��(��)�% �� ,��� ��� 3%�
���� -:� %���� �)���	��. ,�� �	�� ��)��)(�% �� �)%�) �� ������ ��� ����)�����	 �)���)0
���� �� ����� ��)����)���
4�� 3%4� 	���) ,�� �)���)�% �� ��� %���	�03�� ������#�� %���)���% �� � �)�'����

,�)" <��=� 4�� ���)�� �	��� ���% ,�� (�%� �� +465.	��� �����)��� ����. **�***E0��)�
3%4� ��,%�) "��� �� 7�� �3 �� � �	�; �� ?� �� � �)����)� �� �� (��)� 4�� �����)���
��(��)���)� ,�� ��� �3 ��% ��� .)�,��. ��(�  (��� C���)� ��� 3%4� .)�,�� ���� ���
3%�5+465.	��� �����)��� ��% ��� ���)�� ,�)� ���)(�		� �����	�% �� ?� �	�; �� �� (��)
%�)��. �� (��� 4�� ���)�� ,�� "��� �� $ � �3 ��% ��� �����)��� �� >�� �3� %�)��. ����
���� ��)���	 3%� �'���)����� ���	% ��"� �	���� 4�� 3%4� %��������� �� �����'�% ��
?�56� �	�; �� � ����	 �)����)� �� �� (��)� 4�� 3%�5+465.	��� �����)��� ��(��)���)�
,�� �� �� �3 ��% ��� 3%4� ���)�� ��(��)���)� ,�� "��� �� �7 �3� +� �)%�) �� ��'�
����.� ���� 3%4� ��	( ��� .)�,��. ��(� ,�� ��	� �� �� 4�� ��(�	��� %�'��� ,��
���%��% �� 1+/&2 �� %����)��� ����%���� ��.	�� ��% �� -:� %���� �)���	��.�
4�� 1+/&2 (����)�(���� ,�)� ��)��)(�% �� � 2 ��� ���(��� ����(���� /0)��

%���)����(���) ,��� ���0��	��)�% 3�F� )�%������ ���)��� ������	 ��)� ,�� ��"�� ���0
��)���. ��� �����	��� ��% )��������� �� ��� (����)�(��� ���%������ �� ��� �����)� ��
������)� 4�� �����)����� %���� �� ��� /0)�� ���( �� ��� %����)��� ����%���� ��.	��
,�� ��	��	���% ����. ��� ����,�)� ���	�%�% �� ��� 2 ��� ���(��� %���)����(���)� 4��
-:� %���� �)���	�� ,�)� ��)��)(�% �� � A�)"��0:	(�) A?+  ��5:�3-0�-� �����(
,��� � %���	� ��	��%)���	 (�))�) ���	���) ��% � ���� �)����)� �� ���)�;�(���	�
� � ��8* 4�))� @�) ��� ���	���� � $ "�D -)G ���( �� ��� �- ��))��� ,�� ���%� -�
�)����� )��� �� �� �(5(�� ,�� ����(���% �)�( �)�'���� �;��)������� 4�� -@�
�(�.�� ,�)� ��"�� �� )��( ��(��)���)� ����. �� -@� -���0A)��� 3A �� ��� ���0
����� ��)�� (�%� ,��� ��� ��(� ���0�����	�'�) ��% ��� ��(� .��� �� ��� ���%���"
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3%�5+465.	��� ��)����)�� �� -@�� 4� %� ���� ���
)��.����� �� ��� +46 �����)��� ,�� '�)��% �� ?3	
���(���	 ������. %�)��. $� �� *� ��% ��� �� @�.�)� ��
���,� ��� ��)���� �� ��� ��0��)�����% +46 �����)���
,��	� @�.� �� ��))�����%� �� ��� ��0.)�,� 3%�5+465
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	��� ���� ��� +46 �����)���� ��(� ��	�� �)� ��		�% ,��� 3%� ��� ��� ��)���� %��� ���
���, 	�).� ����.��� 4�� ���'� )�	����� ���,��� +46 �����)��� ��% 3%�5+46 ��)����)�
,�� ����)'�% ��) 	�).� +46 )��.����� �� ���,� �� @�.� � ,��)� ��� )(�0)��.����� ��
��� 3%� 	���) �� �	����% '�)��� )(�0)��.����� �� ��� +46 �����)���� - 	����) )�	�����0
���� ��� �� ����% ���,��� ��� +46 )��.����� ��% ��� 3%� ���� 4�� �	��� H � ��%�0
����� ���� ��� 3%� ��		� ��� I��	��J �����% �� ��� �����" ���%��. �� %�(����� �) �#��	0
��� ��� +46 )��.����� �� ,� )���)��% �� � �)�'���� ,�)" <*=�
@�.�)� $ ���,� ��� -:� %���� �)���	�� �� 3%�5+465.	��� �)���)�% ,��� ��0��)�����%
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��� -:� %���� �)���	� �� ��� 3%4�5
3%�5+465.	��� ����)���)����)�� 3%4�
����"���� �� ����� ��� �( ��"�� �)�(
��� �)�� ��)���� �� ��� �)�����. ,���
��� ��	��) ��.��	 ��� ��		�)��( �� ���		
�)����� �� � %���� �� ����� ��� �(�

-� ���� ����� ��� +� 6 ��% �� ��.��	� ��.�� �� )��� ��%������. ���� ���)� �� ��� � ���.	�
3%� 	���) ��� � (�;��)� �� 3%4�83%� ��% 3%�8+46 �		��� ����� $�� �( ����" ����
���� ��	��) ��% ��%(��( )�(��� �)����� �� ��� +46 (��)�; �� � %���� �� �>�� �(� 4���
��)��. 3%�8+46 ����)(�;��. ���	% ��"� �	��� %�)��. ��� 3%�5+46 �����	��. �)�'����
�� ��� 3%4� %��������� �) %�)��. ��� %��������� ����	� ��� �� ,� �	)��%� %�(����)���%
��(� %�.)�� �� ����)(�;��. ���" �	��� �� ��� ��0.)�,� ��)����)�� C� ����)����. ���

��	��) �)���	� ����. � �,�0.������� ��� �� ���
�� ���� ���� ��� �,� ��..����% ��	��) %����0
���� �)������� ��"� �	���� 4�� ��.��) ��%
��))�,�) �)���	� ��))�����%� �� ��� 3%�
%�������� �) ����)(�;��. %�)��. ��� 3%4� %�0
�������� ��% �� �� ��((��)�� ,��� )������ ��
��� 3%� %������% �� ��� 3%4�� 4�� ,�%�)
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3%�5+465.	��� ����)���)����)�� -)G ���( ��
$ "�D ��% ��� �- ,��� �� ����(���% �)����� )���
�� �� �(5(�� ,�� ���%� 2�)��. ��� ��)�� $� (��

$�� �(� ��� -:� ��.��	� ,�)� ��� )�.����)�%



6� ����) ���% ��� ��)(����� �� �
3%4�83%� (�;�% ����)���� �� � ,�		0
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��%�)����%� 4�� ��)(����� �� � 3%�4�
��	�% ��	����� ��� ���� )������%	� �)�0
����% <� �� � �� ��= ��� �� ��� ����
�����% ���� �,� �)����		��� ������
(�.�� �� �)����� �� %����)��� ��	���	���
	�(��� <�$=� +� ��) ���� ��� 3%4�83%�
����)%�������� (�.�� �� �� ���� � �����0
��	 ����)(�;��. �� 3% 4� ��% � %�)��.
��� 3%4� %���������� ��)��	� ��� ���0

��)��� ��(��)���)� %�)��. ���� �)����� �� ��.� ����.� 
�7 �3� �� �)�(��� ��� ���	�0
(����� �� ��� 3%� �����%	� ��� ����)%�������� �� 3%�8+46 ��"�� �	���� 4�� 3%�
)��.����� ���	% �	�� ���	����� ��� �)���	� ����)(����� < = 	��%��. �� ������)��� %���)0
(�������� �� ��� �0�������� �� ��� 3%4�83%� ����)����� 4��� 	��� �����%�)����� �	��
��..���� ���� ��� (���) 3%�8+46 ����)(�;��. ����)'�% �� ��.��) +46 )��.�����
���	% �� ��%��% %�� �� ��� ��(� ������� +� ��)(� �� � ��	�) ��		 ����'��) �� ��� ��
�����% ���� ���� ��)����	�) %�'��� ,�		 ��� �� �����	 ������� ��� 3%� ,��%�, ��� ����
�)������		� �����(�% <�=�
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 �� 6!78- 4�� ����)� %�'��� ��� ���� ���%��% �� 1+/&2
��)��.� ��� 3%4�
���� ,�)����03%�
���� ��% ��� +46
���� %���)������ ���"� <�7=� 4��
%���)����.)�(� ,�)� ��"�� �� ��� ���)��)���� ����%���� ��.	�� �� �)%�) �� (����)� ���
��))�����%��. %����� %���)(���% �� -:� �)���	��.� 4�� %����)����� �� ��� ����(���%
�����)������ ��) ��� -:� ��% 1+/&2 %��� ��� �� ���)�����% �� ��� %������ .)�%����
���� �;���� �� ��� 3%4�83%� ��% 3%�8+46 ����)����� 
�����%�)�% �� ��) ��	��	������ ��
��� (��� ���,��� ��� �,� (���)��	�� ��% �� ��� %����)�����	 ������)��. )��� �� ��� -:�
�����( ,��� ��� %����)��� (���)��	� �����%�)�%� @�)���) ��'����.����� �� ����� ��������
,�		 �� �)����% �� ����)� ,�)"��
@)�( ��� %���)����.)�(� ��� ���" ��������� �� ��� 9� ���	� ,�)� ��	��	���% �� ������.

��� %���)������ ���"� �� .������� ��������� ��% �	����% �.����� ��� /0)�� �����)����� ��
���,� �� @�.�  � 4�� 3%4�
���� ���" �������� %�(������� ,��� ��� /0)�� �����)�����
)������. � ����	� '�	�� �� ����� $ � �(� 4�� 3%�
���� ���" �� ��� ��.�����. ��� �
����	� �������� '�	�� ���� �� %��)����� �� � (�)"�% (���(�( �� ����� � � �( ����)0
,�)%� �� )���� �� � (�;�(�( �� ����� 7 � �( ��% ����		� )������ � ����	� '�	�� �	�.��	�
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,��)� ��� ��	��) ��% ��%(��( ��.��	� )���� � (�;�(�( �� ��� -:� �)���	�� 4�� +46
���" %��� ��� ���, ��������	� ����.�� �� ��� �������� '�	���
4�� ����.� �� ��� 3%4� �������� �)�( ��� �)�� ��)���� �� ��� ����	� '�	�� �� )�	���%

,��� ��� )���%��	 ��)����� %�� �� ��� .)�,�� <�  ��= ��% �� ��� 3%� �)�;�(��� ���
%��)���� �� ��� 3%4� �������� ��%������ ���� ��� 3%�4� ��	�% ��	����� ���	% �� ��)(�%�
4��� �����)(� ��� 3%4�83%� ����)%�������� ���,� �� ��� -:� �)���	�� @�) ��� 3%� ���
��)��� ����.� �� ��� 
���� ���" �������� ��� �� )�	���% ,��� ��� 3%� %�������� ��)��.�
��� +46 ���� (�� '�)� ��� ��)����)� 	��%��. �� � ����� �)�������� ���� ���,��� �����
��% ��;�.���	 3%� �� %����)��� 3%� ��	���	����� <�$= �� �,� %�������� �)������� ���"
�	���� 6�� ��� ���� �� ��� -:� �)���	� ���� ���� (���(�( ����� �� ������%��� ,��� ���
�)�����. ���,��� ��� +46 ��.��	� ��% ��� � ��.��	 ��(��. �)�( ��� 3%� %�������� %���
%�)��. ��� 3%4� %��������� ���� ��� +46 (��)�;� - (�)� %����	�% ���%� �� ��� %���)��0
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Abstract

Impurity gettering is an essential process step in silicon solar cell technology. A widely used
technique to enhance silicon solar cell performance is the deposition of an aluminum layer on
the back surface of the cell, followed by a thermal annealing. The aluminum thermal treatment
is typically done at temperatures around 6003C for short times (10}30 min). Seeking a new
approach of aluminum annealing at the back of silicon solar cells, a systematic study about the
e!ect the above process has on dark and illuminated I}< cell characteristics is reported in this
paper. We report results on silicon solar cells where annealing of aluminum was done at two
di!erent temperatures (6003C and 8003C), and compare the results for cells with and without
aluminum alloying. We have shown that annealing of the aluminum in forming gas at
temperatures around 8003C causes improvement of the electrical cell characteristics. We have
also made evident that for temperatures below &250 K, the predominant recombination
process for our cells is trap-assisted carrier tunneling for both annealing temperatures, but it is
less accentuated for cells with annealing of aluminum at 8003C. For temperatures above
&250 K, the recombination proceeds through Shockley}Read}Hall trap levels, for cells
annealed at both temperatures. Furthermore, it seems from DLTS measurements that there is
gettering of iron impurities introduced during the fabrication processes. The transport of
impurities from the bulk to the back surface (alloyed with aluminum) reduces the dark current
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and increases the e!ective di!usion length as determined from dark I}< characteristics and
from spectral response measurements, respectively. All these e!ects cause a global e$ciency
improvement for cells where aluminum is annealed at 8003C as compared to conventional cells
where the annealing was made at 6003C. ( 2000 Elsevier Science B.V. All rights reserved.

Keywords: Aluminum gettering; Silicon solar cells; I}< solar cells characteristics

1. Introduction

The increase of unwanted impurity concentration changes silicon solar cell proper-
ties in several ways: the substrate can be perturbed by defects, imperfections, clusters,
polycrystalline structures and so on. Impurity centers reduce the minority carrier
di!usion length due to a rise in recombination centers or by reduction of mobility of
the minority carrier as a consequence of scattering. Moreover, unwanted impurities
degrade contact}semiconductor interfaces leading to a detriment in the series and
shunt resistance values.

It is well known that unwanted impurities like metallic impurities usually produce
deep levels in the silicon bulk, deteriorating the minority carrier di!usion length.
Hence, metallic impurity gettering is an essential process step for making silicon solar
cells. A widely used technique to enhance silicon solar cell performance is the
deposition of an aluminum layer on the back surface of the cell, followed by a thermal
treatment. It is believed that the improvement is caused by gettering of defects and
impurities. Gettering of unwanted impurities from the bulk of the silicon substrate is
needed to increase the conversion e$ciency of solar cells.

Usually, the p` region is formed by aluminum deposition and alloying it at the
back of the cell to obtain low contact resistance and to originate an electric "eld
(minority carrier re#ector) which reduces minority carrier recombination at the back
surface. In order to do this, a solid-phase solution of aluminum in silicon is formed by
annealing the deposited aluminum above the eutectic temperature (5753C). Typically,
the aluminum is annealed around 6003C for times between 10 and 30 min [1,2].
However, it has been suggested that the great amount of dislocation and stresses
induced at this surface, because of this process, could cause a metallic extrinsic
gettering e!ect [3}5] which would be bene"cial for the e$ciency of solar cells. In
order for this gettering phenomenon to occur, the metallic impurities introduced in
the material during the fabrication of the cells must di!use from the bulk to the back
melt surface region. There is a high segregation coe$cient for these impurities due to
the high concentration of defects [1]. In order to help the metallic di!usion and to
enhance the segregation, the temperature must be increased to values above the
typical aluminum alloying temperature, for example between 7003C and 8003C.

Seeking a new approach to the annealing treatments of aluminum, in this paper we
report a systematic study on the e!ect that a new annealing process, of the aluminum
at the back of silicon solar cells, has on dark and illuminated I}< characteristics. We
report the results on silicon solar cells where annealing of aluminum was done at two
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di!erent temperatures (6003C and 8003C), and compare the results for cells with and
without aluminum alloying.

2. Experimental details

Silicon solar cells were fabricated from 300 lm thick Cz silicon wafers with resistiv-
ity in the range between 1 and 3 ) cm. The n` emitter layer was made at 9003C by
di!usion from a POCl

3
source in an open tube furnace, obtaining emitter sheet

resistance between 120 and 140 )/square. Using previous developments [6], a silicon
nitride layer grown by plasma-enhanced chemical vapor deposition (PECVD) from
a mixture of SiH

4
and NH

3
at 2503C was used both as anti-re#ection coating and as

dielectric mask, to de"ne the contact "ngers at the top. On the top "nger region,
a second di!usion was made such that a high phosphorus concentration was obtained
under the contacts, reducing in this way the metal}silicon contact resistivity and thus
the solar cell series resistance. At the back of the solar cells, aluminum was evaporated
and annealed as described below. In order to sensitize the silicon surface, immersion in
PdCl dried at 1203C was used, and then Ni was deposited by an electroless process in
order to achieve ohmic contacts at both surfaces. Nevertheless, we did not optimize
the contacts obtained in this way. Such a structure corresponds to what is usually
known as a Selective Emitter Solar Cell.

Three groups of solar cells (1 cm2 area) were fabricated. In the "rst group, baseline
cells (C300) with no aluminum layer deposited, nor any thermal annealing was done
on them. This group was used only as reference cells. For the second group (C600),
1 lm of aluminum at the back was deposited and the annealing was made in forming
gas at 6003C during 10 min. In the third group (C800), also 1 lm thick of aluminum
layer was evaporated at the back, but an annealing in forming gas was done at 8003C
during 40 min.

Dark I}<measurements were carried out as a function of temperature, in the range
between 77 and 333 K, by using a Keithley automatic system. The I}< curves under
a tungsten}halogen lamp illumination (calibrated to have 100 mW/cm on the cells
simulating, approximately, the AM 1.5 solar spectrum) were also measured. Spectral
response measurements were done by using a monochromator with a di!raction
grating of 1200 lines/mm, and the system calibrated with a commercial standard
silicon photo-diode. Finally, we also made DLTS measurements using a Bio-Rad
4600DL automatic system.

3. Results and discussion

3.1. Dark I}< characteristics

Fig. 1 displays the results of the dark I}< measurements at room temperature for
typical cells of each group. One fundamental fact can be observed: the dark current is
signi"cantly smaller for cells of the C800 group as compared to cells of the other two
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Fig. 1. Typical dark I}< curves at room temperature for cells with di!erent aluminum annealing.

Fig. 2. Dark I}< curves for voltages below 400 mV at di!erent temperatures. (a) C600 cells and (b) C800
cells.

groups. Furthermore, for voltages above 0.4 V, in all curves, the series resistance e!ect
determines the behavior of the I}< characteristic. For this reason, in the following
analysis of the dark I}< characteristics we will take into account only voltages up to
0.4 V, which is usually the region where recombination currents are dominant.

In order to recognize the transport mechanism, we measured the cell dark I}<
characteristics as a function of temperature in the range between 77 and 333 K.
Results are shown in Fig. 2(a) and (b) for C600 and C800, respectively. These
semi-logarithmic plots seem to con"rm that recombination in the space charge region
is preferentially enhanced by trap-assisted carrier tunneling, because the dependence
between the current and voltage are closely parallel straight lines. However, a careful
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Fig. 3. Product nk¹ and ideality factor n as a function of temperature for C600 and C800 cells.

3For the Shockley-Read-Hall mechanism, the dark saturation current may be written as:
Ir"Const ¹3@2 exp (!Eg(¹)/n(¹)k¹), thus the plot ln (Ir ¹3@2) vs. Eg (¹)/n(¹)k¹ has to be a straight line
with unitary slope.

analysis through the dependence of the nk¹ product (where k is the Boltzman
constant) and ideality factor n as a function of temperature (Fig. 3), drives us to
another conclusion. From the above "gure, we can see that for temperatures below
&250 K, the nk¹ product is constant with temperature for C600 cells. This is the
typical behavior of the tunneling mechanism, while the nk¹ product, in the same
temperature region, decreases for C800 cells when the temperature increases. For both
kinds of cells, the variation of n vs. temperature, below &250 K, has an exponential
behavior. This fact induces us to assume that the mechanism is identical in both cases,
but for the C800 cells, the trap-assisted tunneling is smaller, perhaps due to a lower
trap concentration because of a gettering e!ect by aluminum. For both types of cells,
in the temperature range above &250 K, the nk¹ product increases with temperature
and the ideality factor has a tendency to reach a constant value. Hence, at these
temperatures, recombination seems to proceed through Shockley}Read}Hall deep
levels.

In order to verify this assumption, Fig. 4 shows the semi-logarithmic plots of the
reverse saturation current (I

3
) as a function of 1000/¹. For both types of cells, two

di!erent activation energies at the same transition temperature &250 K are found.
Furthermore, for ¹'250 K we also plotted log (I

3
¹~3@2) vs. E

'
/nk¹ (Fig. 5), where

E
'
is the energy gap at each temperature. The straight lines obtained have slopes close

to unity, which corresponds to the Shockley}Read}Hall recombination mechanism
[8,9].3 In this way, we have shown that for ¹(&250 K, the dominant transport
mechanism is trap-assisted tunneling of carriers for both kinds of cells, but it is less
accentuated for C800 cells due to the gettering e!ect, which removes trap centers
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Fig. 4. Arrhenius plot of the dark reverse saturation current as a function of 1000/¹ for C600 and C800
cells.

Fig. 5. The log (Ir ¹!3@2) vs. E
'
/nk¹ plot for ¹'250 K for C600 and C800 cells.

created by metallic impurities. For ¹'&250 K, however, carrier recombination in
the space charge region for both types of cells proceed through Shockley}Read}Hall
deep levels.

DLTS measurements gave us further evidence that for the C600 cell, deep levels
might be causing the enhanced recombination by trap assisted carrier tunneling in the
space charge region. In this case, a trap level 0.34 eV below the conduction band was
observed with a concentration around 2]1014 cm~3. According to Schroder [9] this
level may be associated to iron in silicon and also to thermal stress during the
technological steps. In the case of C800 cells, the resolution of the DLTS system did
not allow the determination of the concentration of these levels. In other words, there
is a reduction of iron associated traps, very likely due to the aluminum annealing at
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Fig. 6. Spectral response for C300, C600 and C800 cells with di!erent aluminum annealing.

higher temperatures. Hence, we should expect improvement not only on the dark
current and open-circuit voltage, but also on the minority carrier e!ective di!usion
length, which should cause a better short-circuit current for cells annealed at high
temperatures.

3.2. Illuminated characteristics

Fig. 6 shows the typical spectral response measurements for the di!erent groups of
cells. One can note that C800 cell has a better response for wavelengths above 900 nm,
as compared to the other two groups. The minority carrier di!usion length was
estimated from these curves, giving around 86, 117 and 156 lm for C300, C600 and
C800 cells, respectively, which agreed with our previous expectation. Therefore, C800
cells should not only have a better open-circuit voltage, but also an improved
short-circuit current regarding the other two groups, as con"rmed by the I}<
measurements under simulated AM 1.5 illumination as shown in Fig. 7.

The cell parameters were determined from the I}< characteristic equation [7]

I"I
1)
!I

3 Gexp C
q(<#IR

4
)

n
3
k¹ D!1H

!I
$Gexp C

q(<#IR
4
)

n
$
k¹ D!1H!

<#IR
4

R
4)

, (1)

where I
1)

is the photocurrent, I
$

is the reverse dark current related to the quasi-
neutral regions of the junction, and I

3
is the dark reverse recombination current

corresponding to carrier recombination through deep levels in the space-charge
region of the junction. The other classical parameters, n

3
and n

$
, are the diode quality

factors for recombination and di!usion currents, respectively, while R
4)

is the shunt
resistance and R

4
is the lumped e!ective series resistance.
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Fig. 7. Typical I}< curves under simulated AM 1.5 illumination for C300, C600 and C800 cells with
di!erent aluminum annealing.

It was assumed n
3
"2 and n

$
"1 and then, "ve iterative equations were necessary

to "nd the cell parameters from Eq. (1). Four of them are the explicit expressions for
R

4)
, R

4
, I

1)
and I

$
taken from Eq. (1) and the "fth equation is the zero equation

I(I
3005

, <
.
)!I

.
"0, (2)

where I
3005

is the root and <
.
, I

.
are the experimental values of the voltage and

current at the maximum power point (P
.
). As a convergence iteration criterion, the

mean square of the di!erence between the calculated and experimental current values
upon the whole I}< curves were taken.

Table 1 shows the values of the extracted parameters obtained by this method from
the I}< illuminated curves. Comparing C600 and C800 cells, an increase of about
4.5 mA cm~2 in the short-circuit current (I

4#
) is observed. However, the highest value

of I
4#

is still low because of the non-optimized antire#ection layer. Also, an increase of
about 20 mV in open-circuit voltage (<

0#
) is obtained for C800 cells. Hence, a conver-

sion e$ciency (g) improvement, from 10.5% for C600 cells to 12.7% for C800 cells is
achieved. Another important fact can be observed in the I}< characteristics: the
lumped e!ective series resistance R

4
, restrains the "ll factor (!) values for the three

groups of cells. In order to appreciate the potentialities of the junction and the bulk of
the cells, using an iterative method to solve Eq. (1), the illuminated I}< curves are
computed for R

4
"0 and R

4)
"R (ideal case). A comparison between the real and

the ideal extracted parameters is shown in Table 2. We may note that all parameters
are improved; especially the maximum power point raises from 10.7 to 12.2 mW for
C600 cells and from 12.6 mW to 15 mW for C800 cells, showing the real potential of
C800 cells when the contacts should be optimized. From these results, we can con"rm
that the conversion e$ciency enhancement is a consequence of the annealing of
aluminum in forming gas at temperatures around 8003C as compared to conventional
processes made at 6003C.
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Table 1
Cell parameters extracted from the I}< illuminated curves

Parameter Device

C300 C600 C800

I
4#

(mA) 24.3 25.5 30.0
<

0#
(mV) 590 604 623

P
.

(mW) 8.87 10.7 12.6
! * 0.620 0.699 0.673
g (%) 8.9 10.7 12.6
I
1)

(mA) 25 25.7 30.1
I
3

(A) 9.58]10~8 7.35]10~8 4.60]10~8

I
$

(A) 1.98]10~12 1.36]10~12 9.28]10~13

R
4

()) 3.590 2.009 2.835
R

4)
()) 225 633 982

¹"300 K Incident power +100 mW cm~2

Table 2
Comparison between real and ideal characteristics for all the cells

Parameter C300 C600 C800

<
0#

Real 590 604 623
(mV) Ideal 595 607 624

I
4#

Real 24.3 25.5 30.0
(mA) Ideal 25.0 25.7 30.1

P
.

Real 8.9 10.7 12.6
(mW) Ideal 11,6 12,2 15,0

! Real 0.620 0.699 0.673
Ideal 0.778 0.784 0.799

4. Conclusions

We have shown that annealing aluminum in forming gas at temperatures around
8003C resulted in improved electrical characteristics of silicon solar cells. We have also
made evident that for temperatures below &250 K, the dominant carrier recombina-
tion mechanism in our cells is by trap-assisted carrier tunneling for both types of cells,
but it is less accentuated for C800 cells. For temperatures above &250 K, the carrier
recombination mechanism for both kinds of cells, proceed through Shockley}
Read}Hall deep levels. Furthermore, from DLTS measurements it seems that because
of the aluminum treatment at 800/ C there is gettering of iron impurities introduced
during the fabrication processes. The transport of impurities from the bulk to the back
surface (alloyed with aluminum) reduces the dark current and increases the e!ective
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di!usion length as determined from dark I}< and from spectral response measure-
ments. Such e!ects cause a global e$ciency improvement in those cells where
aluminum is annealed at 8003C, as compared to conventional cells where the anneal-
ing is made at 6003C. These results are encouraging, but we need to improve our cells
even further by reducing both the series resistance and the surface recombination
velocity.

It seems that iron atoms from the bulk move towards the back surface, but
annealing for 30 min is not enough to have full metallic gettering. Dark currents at
operating cell temperatures are still dominated by carrier recombination in the space
charge region of the cells. Hence, further work must be made in order to determine the
optimum treatment time. This study will be made in the near future, besides observing
the e!ect that the aluminum layer thickness may have upon the e$ciency for this kind
of silicon solar cells when aluminum is alloyed at such temperatures as reported here.
When all these improvements are put together, we expect e$ciencies above 16%
which is good for an industrial technology such as ours.
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Polycrystalline Cd–Te–In films have been grown on glass substrates by close-spaced vapor
transport combined with a free evaporation technique and the stoichiometric, structural and
electrical properties were investigated as functions of In2Te3 concentration added in solid solution
into the CdTe structure during In incorporation. Indium was introduced by evaporation during film
preparation and the incorporation was controlled by the temperature of the In source. The
composition of the films was investigated by Auger electron spectroscopy, showing that, when In
concentration increases the Cd concentration decreases they have a similar value~'22 at. %! at
about 750 °C In source temperature. The dark resistivity decreased monotonically four orders of
magnitude with the In2Te3 concentration and reached a minimum point. From the structural
characterization employed it was shown that the In atoms are incorporated in two ways:~I! for as
low-In concentration, the In atoms substitute the Cd atoms, decreasing the resistivity; and~II ! for
high-In concentration, the In atoms form with the CdTe a solid solution like (CdTe)12x(In2Te3)x .
The x-ray spectra were calculated for In source temperatures of 550 and 750 °C using structure
refinement by the Rietveld method and general structure analysis system software. A good
agreement between experimental and calculated spectra was found for both temperatures. ©2001
American Vacuum Society.@DOI: 10.1116/1.1322643#
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I. INTRODUCTION

Semiconductor thin films have specific importance a
interest for possible applications to optoelectronic devi
such as smart pixel arrays. Therefore, the search for
development of preparation methods which lead to fil
with sophisticated optical qualities in easily controllab
ways have attracted growing interest for both research
technical applications. CdTe is a II–VI semiconductor co
pound which has been used in several optoelectronic dev
such as infrared and gamma radiation detectors, solar c
etc. The energy of its band gap of 1.5 eV,1 located at the
maximum of the solar energy density incident on the Eart
surface, makes this material very suitable for photovolt
applications. The incorporation of In atoms at low conce

a!Electronic mail: romano@mda.cinvestav.mx
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tration into doped CdTe monolayers has been achieved
photoassisted molecular beam epitaxy.2 The effects of heavy
doping in CdTe due to high In concentrations has been
served in CdTe polycrystalline films obtained by therm
coevaporation3 and cosputtering4 of CdTe and In. In order to
explain all the compounds formed by mixing CdTe and
they are described using the phase diagram of
CdTe–In2Te3 system5 from the In2Te3 added in solid solu-
tion into the CdTe structure as (CdTe)12x(In2Te3)x during
the incorporation of In. In this system the CdTe has a z
blende structure ~a phase! with lattice parameter a
56.481 Å. As In2Te3 is added to the lattice parameter
decreased, and several ternary compounds have bee
ported: b phase with a chalcopyrite-like structure andx
50.42– 0.72 is a very wide phase field to call it CIT~par-
ticularly the ternary compound CdIn2Te4 is formed at x
2461Õ19„1…Õ246Õ5Õ$18.00 ©2001 American Vacuum Society
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50.5!, CdIn8Te13 ~d phase! with a cubic structure atx
50.8, and CdIn30Te46 ~g phase! with a cubic structure a
approximatelyx50.94. This system has been investigated
melting of different concentration of these elements.5–7

Close-spaced vapor transport combined with free eva
ration ~CSVT-FE! is a convenient method by which to gro
ternary materials because it is possible to control the t
peratures of different compounds separately.8 It is also cost
effective since it can operate at atmospheric pressure u
inert gas and uses moderate temperatures; its operatio
simple, and films are compact, with few voids. In this wo
the chemical composition and structural and electrical pr
erties of Cd–Te–In films as a function of In2Te3 concentra-
tion are presented in order to explain the mechanisms
incorporation of In atoms into the CdTe structure.

II. SAMPLE PREPARATION

All films were prepared in a conventional vacuum evap
ration system evacuated by an oil-diffusion pump with
liquid-nitrogen trap, capable of obtaining a background pr
sure of 1026 Torr. The pressure during evaporation was b
low 1025 Torr. To obtain Cd–Te–In films we used the dep
sition technique previously reported by two of the autho9

consisting of CSVT combined with free evaporation. In o
experiments we used high-purity Balzers metallic indiu
~99.999 at. % pure!. The CdTe powder~99.99 at. % pure Bal-
zers! sublimes at a temperature of 500 °C during the grow
process, while the In source was varied between 500
800 °C, in steps of 25 °C, to achieve different In concent
tions. Corning 7059 glass slides were used as substrates
kept the substrate temperature at 400 °C and the depos
time of 10 min fixed. The control gas used during fil
growth was Matheson argon 99.999 at. %.

III. MEASUREMENT EQUIPMENT

Compositional measurements were performed by the
ger electron spectroscopy~AES! technique with an ESCA
SAM Perkin Elmer PHI 560 equipped with a double pa
cylindrical mirror analyzer, with a base pressure of;2
31029 Torr. AES signals were obtained in differential mod
using a 3 keV, 0.2mA electron beam incident at 45° to th
surface normal. AES profiles were obtained with an A1

beam with energy of 4 keV and current density of 0.
mA cm22, yielding a sputtering rate of about 10 nm/min. T
calibration of the sensitivity factor of Auger data was ma
using stoichiometric CdTe. X-ray diffraction~XRD! mea-
surements in a grazing incidence geometry with 0.5° be
inclination were done under CuKa radiation at 40 kV with
35 mA and an aperture diaphragm of 0.2° using a Siem
D5000 x-ray diffractometer with monochromatic radiatio
~l51.5418 Å!. The films were carefully mounted so the
was no misalignment. The scanning step of the goniom
was 0.01° with a counting time of 10 s. Scattered radiat
passed through an arrangement of horizontal slits to the
tector. The dark electrical conductivity of the films was me
sured at room temperature using the van der Pauw met
JVST A - Vacuum, Surfaces, and Films
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Electrical contacts were made with metallic indium pre
ously evaporated onto the film, and are heated 50 °C over
melting point of indium for 5 min under inert atmosphere

IV. RESULTS AND DISCUSSION

The surfaces of the films were smooth and slightly gra
ish. All the films firmly adhered to the substrate. The film
are polycrystalline, with uniform thickness~around 25mm!.
The relative atomic concentration values for all films we
determined by AES. Figure 1 shows the relation betwe
atomic concentrations of the films and the In temperat
source. From to 550 °C, the In concentration increases mo
tonically and the Cd concentration decreases while the
concentration remains constant. Then, the atomic concen
tion of the In and Cd shows a similar value~'22 at. %! at
about 750 °C. From 700 °C a mixture of the elements Cd,
and In as a solid solution like (CdTe)12x(In2Te3)x is formed,
as a result of the In2Te3 added in solid solution into the CdT
structure. The molar fraction of the In2Te3 in the above so-
lution was calculated from the AES data, and the resul
shown in the inset. This will be used in the following discu
sions. On the other hand, the relation between the dark re
tivity of the films at 20 °C and the molar fraction of th
In2Te3 is shown in Fig. 2. The dark resistivity first decreas
monotonically four orders of magnitude with the In2Te3 mo-
lar fraction and reached a minimum point. Afterwards, t
resistivity increased to a maximum point, after that it show
a saturation tendency. Similar behavior was found in pre
ous work10 from a measurement of thermal diffusivity.

To explain the characteristics observed in both Figs. 1
2, we analyzed the film structure in detail using x-ray d
fraction analysis. Indium can be doped into Cd vacancies
CdTe crystallites substitutionally and can act as a donor d
ing the low-In concentration stage~500–625 °C!. The de-
crease in the film resisitivity at low-In concentration stage
thought to be due to this effect. The resistivity increase o

FIG. 1. Atomic composition of the Cd–Te–In films determined by AES
indium source temperature. The inset shows the relationship between t
at. % and the mol % of In2Te3 in CdTe.
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the peak may be that the lattice becomes greatly disto
because the radius of the In31 ion ~0.92 Å! is smaller than
the Cd21 ion radius~1.03 Å!, and the distorted lattice ma
enhance the electron scattering and decrease the mob
Therefore, a CdTe lattice doped with substitutional In ato
may shrink and become distorted. This can clearly be see
Fig. 3. Figure 3 displays the normalized three-dimensio
~3D! x-ray diffraction pattern showing the evolution of th
present structural phases in our samples, from 0 to abou
mol % In2Te3 . The films presenta phase and the only ob
served effect is a decrease of the lattice parameter. For In2Te
concentration greater than 10 mol % progressive shifting
deformation of the@111# CdTe peak can be observed and t
presence of another peak, which tends towards the pos
of the CdIn2Te4 @112# peak. At about 30 mol % of In2Te3

both of the peaks are well defined.

FIG. 2. Dark electrical resistivity of the Cd–Te–In films as a function
In2Te3 mol % in CdTe.

FIG. 3. Three-dimensional normalized x-ray diffraction patterns plotted a
function of the In2Te3 mol % in CdTe.
J. Vac. Sci. Technol. A, Vol. 19, No. 1, Jan ÕFeb 2001
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Such behavior is related to the presence of theb phase
from 10 to 15 mol % of In2Te3 . The above results agree ver
well with the phase diagram for the CdTe–In2Te3 system
reported by Thomassenet al.5 According to this diagram, for
concentrations below 10 mol %, only thea phase can be
present. In Cd deficient polycrystalline films like CdTe film
the In can occupy the Cd vacancies in this mol % regi
From 10 to 42 mol % In2Te3 the a andb phases have to be
present. Thus in this region the films are a solid solution
the above phases. Besides the above, we did not find
CdTe @111# peak in the x-ray diffraction pattern of the film
grown at In source temperature of 800 °C. It is due to
mol % In2Te3 of this film ~75 mol %! which lies in the region
of the phase diagram where thea phase cannot be present

Mixtures of a II–VI compound like CdTe and III–VI
compound like In2Te3 form extended regions of solid solu
tions. As both components crystallize in the zinc blende
tice, one would expect that the solid solutions are also
zinc blende type. However, because of the stoichiome
ratio of 2:3 for In:Te, one third of the sites in the catio
sublattice of In2Te3 are vacant. The concentration of the
structural vacancies in the solid solutions decreases with
increasing amount of the II–VI component. In the solid s
lution the content of vacancies will be randomly distribute
The structural vacancies in the cation sublattice, which
caused by the different valences of Cd21 and In31 ions, are
characteristic for all solid solutions of II–VI and III–V
compounds.

In fact, the ternary compound (CdTe)12x(In2Te3)x could
be written as Cd12xIn(2/3)xTe, and the relation between th
lattice parameter and the molar function of In2Te3 in CdTe
has been reported by Weitze and Leute7 as

a~x!~Å!56.48420.336x ~0,x,0.7!, ~1!

a* ~x!~Å!56.12010.455x20.413x2 ~0.7,x,1!, ~2!

wherea is a cubic lattice constant,a* is a pseudocubic lat-
tice constant,x is a molar fraction of In2Te3 in CdTe and
from these results we calculated the lattice parameter a
function of the cation vacancies in the solid solutions. Us
Cd12xIn(2/3)xTe, we can write the cation vacancies~CV! as
CV512(12x)2(2/3)x5(1/3)x where 1 represents the to
tal cation sites, (12x) are the sites occupied by Cd an
(2/3)x are the sites occupied by In. The lattice paramete
a function of CV can be written, with substitution in Eqs.~1!
and ~2!, as

a~CV!~Å!56.48421.008 CV ~0,CV,0.233!, ~3!

a* ~CV!~Å!56.12011.365 CV23.717~CV!2

~0.2337,CV,0.333!. ~4!

A plot of these theoretical results and the experimen
film data are shown in Fig. 4. The theoretical curve and
experiment, in general, agree well. However, we conside
it necessary to make a distinction in the region correspond
to the 10 mol % In2Te3 value, below which only thea phase
is present. This is shown in the inset of Fig. 4. One can se

a
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linear region corresponding to occupation of the Cd vac
cies by In and a parabolic region corresponding to the s
solution. The fitting of the regions is

a~CV!~Å!56.4879721.10919 CV ~0,CV,0.028!,
~5!

a~CV!~Å!56.5145221.48079 CV12.24766 CV2

~0.028,CV,0.25!. ~6!

The break region of the plot corresponds to the 10 mol %
In2Te3 .

To explain the results observed in Fig. 4, we had s
posed from our x-ray results that the In incorporation in
CdTe was made in two ways:~I! for low-In concentration,
where the In atoms substitute the vacancies of Cd atoms,
~II ! for high-In concentration, where the In atoms form wi
the CdTe as a solid solution (CdTe)12x(In2Te3)x .

In order to confirm our observation, two representat
samples, one for each incorporation mechanism@~I! and~II !#,
were selected to perform structure refinement by the Rietv
method using the general structure analysis system~GSAS!
program.11 The structures were refined with the space gro
F-43M . The refined instrumental and structural paramet
were peak shape~using a pseudo-Voigt peak profile func
tion!, scale factor, background, unit cell parameters, posi
parameters, isotropic thermal parameters and preferred o
tation. We introduced the effect of cation vacancies into
site occupancy factors of the atoms and fixed them. The fi
refinement cycles yielded conventional reliability factors
RBragg59.8% and 9.0%, which give irrefutable evidence
our structural model.

The plot of observed and calculated x-ray diffraction p
terns is shown in Fig. 5 for the sample with indium sour
temperature of 550 °C. The curves are vertically shifted. T
plot corresponds to the sample of mechanism~I!. In this case

FIG. 4. Lattice parameter as a function of cation vacancy in the solid s
tion (CdTe)12x(In2Te3)x .
JVST A - Vacuum, Surfaces, and Films
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we supposed that the In atoms substitute for the Cd ato
We can see the peaks related to the~111!, ~220!, ~331!,
~400!, ~331!, and~422! planes.

Figure 6 shows x-ray diffraction for the sample with
source temperature of 750 °C. We can see the plot co
sponding to mechanism II. The curves are vertically shift
In this refinement we supposed that two In atoms substitu
for three Cd atoms, yielding one vacancy. By calculating
lattice constant, we obtained the amount of vacancies pre
in the solid solution~using Fig. 4!. We can see additiona
peaks related to the~200!, ~222!, and ~420! planes. This
could be due to the fact that an increase of vacancies
creases the relative intensities of these peaks, and to a
erential orientation effect.

In addition to the above models, another model may
considered: many In atoms may deposit at grain bounda
or upon the surface of the film after growth; however, if th

-FIG. 5. Rietveld method refined profile of x-ray diffraction data for a sam
with an indium source temperature of 550 °C.

FIG. 6. Rietveld method refined profile of x-ray diffraction data for a sam
with an indium source temperature of 750 °C.
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is true, the larger peaks corresponding to In should appea
the x-ray-diffraction pattern shown in Fig. 3, and these pe
were not detected in our films as can be seen in Fig. 3.

V. CONCLUSIONS

In summary, all the results obtained from the structu
characterization employed indicated that the In atoms
incorporated in two ways:~I! for as low-In concentration, the
In atoms substitute for Cd atoms, decreasing the resisti
by four orders of magnitude; and~II ! for high-In concentra-
tion, where the In atoms form with the CdTe a solid soluti
like (CdTe)12x(In2Te3)x . All the results agree well with the
phase diagram for the CdTe–In2Te3 system.
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