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Two-layer Hall effect model for intermediate band Ti-implanted silicon
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Si samples have been implanted with very high Ti doses (over the theoretical Mott limit) to obtain
an intermediate band (IB) in the host semiconductor. The electronic transport properties of this
material have been analyzed by temperature-dependent sheet resistance and Hall effect
measurements in the 7400 K range. The experimental results are successfully explained by means
of an analytical two-layer model, in which the implanted layer and the substrate behave as an 1B/
n-Si type junction. We deduce that the IB is located at 0.38 eV below the conduction band, which
is around one third of the Si bandgap, i.e., theoretically close to the optimum location for an IB.
Finally, we obtain that carriers at the IB behave as holes with a mobility of 0.4-0.6 cm®* V™' s~ ",
This extremely low mobility is the one expected for a semifilled, metallic band, being this metallic
condition of the IB a requirement for IB solar cells. © 2011 American Institute of Physics.

[doi:10.1063/1.3561374]

. INTRODUCTION

The intermediate band (IB) solar cell has been pro-
posed as a candidate for the third generation of photovol-
taics." Following IB theory, the IB can be obtained in
standard semiconductors by the introduction of deep levels
in concentration above the Mott transition limit.> A semi-
conductor with an IB (IBS) behaves like a “three” band
semiconductor [valence band, conduction band (CB) and an
IB located within the otherwise conventional bandgap].
One of the main consequences of this fact is that, under
nonequilibrium conditions, this semiconductor has three
quasi-Fermi levels.

The formation of an IB by ion implantation is a difficult
task because it involves massive impurifying of the semicon-
ductor host plus postimplantation techniques such as none-
quilibrium annealing. We have used ion implantation and
laser annealing” to modify a thin layer on the silicon surface
avoiding the formation of secondary phases. Consequently,
in order to analyze the transport properties of an IBS, we
have to deal with a two-layer heterogeneous system, formed
by the implanted layer and by the unimplanted substrate.

Different two-layer models have been recently proposed
to understand Hall effect measurements of different com-
pound semiconductors in which an unintentional two-layer
behavior has been observed, shadowing the bulk electrical
behavior: ZnO (surface conductive layer)4 and GaN (semi-
conductor/substrate interface degenerated layer).’

In principle, Si would not be the most suitable semi-
conductor to be used as host semiconductor to build IB so-
lar cells, due to its relatively low bandgap value, as it has
been recently reported by some of us,® because the detailed
balance limiting the efficiency of a IB solar cell with a
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bandgap value below 1.14 eV is very close than that of the
conventional single junction cell counterpart. However,
when no-idealities such as nonradiative recombination are
taken into account, as pointed out in Ref. 6, there should be
room for improvement by introducing an IB material in
practical devices. Moreover, some authors point out that
the potential efficiency for IB Si solar cell would be very
high.7 Nevertheless, Si-based solar cells cover more than
90% of the market, and thus any increase in the efficiency
of Si solar cells, even low, would be of extremely impor-
tance. Moreover, as Si is a well-known semiconductor, any
knowledge on the IB field learned from the Si-based
research may be applicable to other IB materials. As a con-
sequence, practical realization of the IB concept in this
semiconductor would give a better understanding of physi-
cal principles involved in the IB solar cell operation.

In two recent papers, we have shown that Ti-implanted
Si above Mott limit forms an IBS.*? In Ref. 8 we have high-
lighted an important aspect: the rectifying character of the
IBS/n-Si substrate junction at low temperatures. On the other
hand, in Ref. 9, we have successfully fitted the measured
sheet resistance of samples with the atLas code.'® However,
as this code could not simulate an IBS, we artificially intro-
duced in the atLas framework a pseudosemiconductor in
which the valence band emulated the 1B, with an almost con-
stant hole density, and the CB was similar to the Si one. In
this modeling, the semiconductor gap became just the differ-
ence between the IB and the CB. This model has proven to
work fine calculating the sheet resistance but fails when
attempting to fit the Hall mobility results because of conver-
gence problems. Additionally, the introduction in the ATLAS
code of a pseudosemiconductor is a cause of concern.

A key question is to elucidate the physical origin of the
IBS. Rutherford backscattering measurements showed that the
Ti atoms within the Si lattice are located mostly interstitially.”
P. Wahnén and co-workers'' have recently shown through

© 2011 American Institute of Physics
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ab initio calculations that the Ti interstitial atoms in a host Si
lattice could produce an IBS. As the Ti electronic configura-
tion is 1s*2s?2p®3s?3p®4s3d?, each atom is able to give one to
four electrons to the IB.

In this paper we propose for the first time in our knowl-
edge an analytical two-layer model based on van der Pauw’s
one to explain satisfactorily both sheet resistance and Hall
effect measurements of Ti-implanted Si IBS. The main dif-
ference between the model presented here and those previ-
ously reported®? is the consideration of the current limitation
between the implanted layer and the substrate introduced by
the rectifying behavior of the implanted—substrate junction.
The details dealing with this junction were previously
reported in Ref. 8.

Il. EXPERIMENTAL

Single crystal n-Si samples (p =200 Q-cm; u= 1450
em?/Vs; n=2.2x 10" cm > measured at 300 K) were
implanted with Ti ions by means of a VARIAN CF3000 Ion
Implanter refurbished by Ion Beam Services (France). Ti
was implanted at 30 keV with three different doses: 10",
5% 10", and 10'® cm 2. Then, the implanted Si samples
were annealed by means of the pulsed laser melting (PLM)
method'? to recover the crystal lattice. The combination of
two highly nonequilibrium techniques (ion implantation
and subsequent PLM treatment) allows us to buildup a new
class of semiconductors that avoid equilibrium con-
straints.'? The PLM annealing process was performed by J.
P. Sercel Associates Inc. (New Hampshire, USA). Samples
were annealed with one 20 ns long pulse of a KrF excimer
laser (248 nm) at energy density of 0.6-0.8 J/cm?. PLM is a
highly nonequilibrium processing technique which is able
to melt and recrystallize the Si surface up to about tens of
nanometer deep in very short times (10 °~107° s). This
rapid recrystallization time allows the incorporation of Ti
atoms to the Si at concentrations well above the solubility
limit for this element.'* Also, the PLM processing of the
Ti-implanted Si layer prevents secondary phase formation
(i.e., Ti silicide) even when the equilibrium solubility limit
has been greatly exceeded.'”

Si-implanted samples were electrically characterized by
sheet resistance and Hall effect measurements with the van
der Pauw configuration at variable temperature using a
Keithley SCS 4200 model with four source and measure
units. Samples were 1 x 1 cm? pieces of 300 um thick Si
wafers with four Al electrodes in the corners. Electrodes
were triangular shaped with about 1.5 mm cathetus. The
magnetic field was 1 T. The samples were placed inside a
homemade liquid nitrogen cryostat attached to a vacuum
pump to avoid moisture condensation. The temperature was
varied between 90 and 380 K. We measured the four van der
Pauw configurations and also changed the polarity of current
source and the direction of the magnetic field to minimize
the spurious thermo-galvanomagnetic effects. In some sam-
ples, measurements were extended down to 7 K with a
closed cycle Janis cryostat.

Lifetime measurements of the samples have been
reported elsewhere. '®
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lll. RESULTS

Figures 1 and 2 show the sheet resistance and Hall mo-
bility, respectively, as a function of the absolute temperature
(90-380 K) for the three different implantation doses and a
nonimplanted substrate that will act as reference. The figures
also include the fitting curves resulting from the model that
will be described in Sec. IV of this paper. Figure 1 shows
that the sheet resistance for implanted samples and for low
temperatures is higher than the substrate sheet resistance.
This is not consistent, since having two parallel layers, the
sheet resistance of the whole structure should be lower than
the sheet resistance of one of the layers.

Time-of-Flight secondary ion mass spectrometry (ToF-
SIMS) measurements of the samples with the three analyzed
doses showed that Mott limit was surpassed before and after
the PLM treatment.'” It has been predicted that the IB is
only possible if the Ti volume concentration is over the Mott
transition limit.?> Theoretical calculations indicate that this
limit is Njyjo &~ 6 X 10" cm ~ 2 for Si.

ToF-SIMS measurements after the annealing show that
this limit is exceeded up to a sample thickness of 20, 50, and
80 nm for doses of 1015, 5% 1015, and 10'° cm_z, respec-
tively. Assuming as a first approach that the implanted pro-
file is rectangular, we obtain the Ti concentration of 3 x 10%°
cm_3, 5% 10%° cm_3, and 7.5 x 10%° cm 3 for the doses pre-
viously mentioned. The rectangular profile is a rather realis-
tic assumption, since the PLM annealing produces very
abrupt profiles. For this calculation we have taken into
account losses of about 40% on the Ti concentration due to
the push-out effect during the film regrowth after the PLM
treatment.” These concentrations are well above the Mott
limit and, as a consequence, delocalization of the impurity
electron wavefunctions should take place and the IB should
be formed in the Ti-implanted layer. Although the proposed
values are over the Mott limit, the Ti concentration that
would give the highest efficiency in an IB-Si device remains
as an open question. To highlight this issue, further research
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FIG. 1. (Color) Sheet resistance as a function of the measured temperature
for different implantation doses: 10" cm™2 (green); 5 x 10" cm ™2 (red);
10'® cm ™2 (blue); and nonimplanted substrate (black). Model fitting of the
sheet resistance for the three analyzed doses: 10" cm™2 (W) 5 x 10" cm ™2
(A) and 10" cm ™ (o).
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FIG. 2. (Color) Hall mobility for the same samples as in Fig. 1: 10" ecm ™2
(green); 5 x 10" em™2 (red); 10'° cm™2 (blue); and nonimplanted substrate
(black). Model fitting of the Hall mobility for the three analyzed doses: 10"’
cm 2 (M) 5% 10" cm ™ (A) and 10'® cm 2 (o).

on complete devices using Ti-implanted Si as IB material
should be performed. In the following text, we will designate
the implanted layer as the IBS.

Regarding Hall effect measurements shown in Fig. 2, it
can be seen that, at low temperatures, the Hall mobility
decreases as temperature goes down. The detail on how the
measured Hall mobility behaves in the low temperature range
is shown in Figs. 3 and 4 for two different samples. It is
clearly seen in both samples that the bilayer Hall mobility
changes its polarity from negative at high temperatures to pos-
itive at low temperatures. The different temperature at which
the polarity change occurs is due to the different processing
conditions of the samples and will be detailed in Sec. V.

In Ref. 9 we proposed for the IBS/n-Si junction the band
diagram depicted in Fig. 5 of this paper. From a transport
point of view, the electrons located at the IB could behave as
electrons or holes depending on the concave or convex cur-
vature of the E-k diagram and the degree of filling of the IB,
accordingly to quantum-mechanical formulation."' Accord-
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FIG. 3. Hall mobility for a sample implanted with a 5 x 10'> cm~> dose and

annealed at 0.6 J/cm?. The inset shows the change from n to p-type conduc-
tion when the temperature decreases.
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FIG. 4. Hall mobility for a sample implanted with 10'® cm ™2 annealed at
0.8 J/cm? and measured down to 7 K. The inset shows the change from n- to
p-type conduction when the temperature decreases.

ing to the results in Figs. 3 and 4, at low temperatures, that
is, when the transport properties are dominated by the IBS,’
the Hall mobility polarity is always p-type and the carrier
mobility at the IBS should be any case very low, also a con-
sequence of the bandwidth.'®

As predicted by the IBS theory,'® the Fermi level should
be pinned at the IB due to the high charge concentration at
this energy, i.e., the IB is a “semimetallic” band. Any charge
change could be neutralized by minimum Fermi level varia-
tion around the IB level. At the junction between the
implanted layer and the substrate, the I-V characteristics
should be determined by the electrons in both layers, having
in mind that the holes at the IBS could not go to the substrate
due to the lack of continuity of the IB (see Fig. 5), and that
there are almost no holes in the substrate or in the valence
band at the IBS.

At low temperature (90 K), the substrate Fermi level is
located about 0.1 eV down the CB and, if the IB is deeper
than this energy, there is a blocking barrier at the interface
which controls the current from the implanted layer to the

AE
Ec

Ec- Ee

FL

IBS
Si substrate

Ev

FIG. 5. Generic band diagram of the IBS/n-Si double sheet.
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substrate. That behavior has been modeled in Ref. §, proving
that saturation current for this phenomenon has an exponen-
tial dependence with the difference between the CB energy
and the IB energy (E~FE;p). This is therefore the main cur-
rent limiting mechanism that produces the decoupling
between the IBS and the substrate.” For the practical pur-
poses of this paper, this limiting current will be modeled as a
resistor as detailed in Sec. IV A.

IV. PROPOSED MODEL
A. Sheet resistance

For greater generality we will designate the IBS layer as
layer 1 and the substrate as layer 2. Electron density at the
CB of the IBS will be designated as n; and its mobility as
1. Hole density at the IB will be designated as p; and its
mobility as p,;. Substrate electron parameters are 7, and f,,.

An electrical equivalent circuit for this bilayer structure
is depicted in Fig. 6. We will assume that both layers are con-
nected with four nonideal diodes (one on each corner) that
represent the electrical IBS-substrate junction. This model is,
strictly speaking, nonlinear but we will assume, as advanced
before, that the limiting characteristics introduced by the non-
ideal diode can be modeled by a temperature depending resis-
tor R, when the diode is in inverse polarization:

Ri= & = Aexp(Ec — Ep) /AT, ()
t

This approximation can be done because, for the purpose of
this work, the actual value of the resistor is not relevant but
only its dependence with the temperature. Besides, as
explained below, the preexponential factor A will be
obtained as a fitting parameter. Direct polarized diodes will
be modeled by short circuits.

Currents I, and 7, at layers 1 and 2 can now be obtained as

I =V /Rp

2
I, =V/(R + Rp2) @

- Layer2 4
Substrate C
12

Layer 1 (,\

IBS

11

e
L,v

d

FIG. 6. Exploded view of the double layer showing current limiting diodes
connecting the two layers.
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where V' is the voltage drop at the current source terminals.
Obviously I=I1,+1,. Rpy and Rp, are the resistances
between two consecutive electrodes (a and b in Fig. 6) for
layer 1 and (¢’ and b') for layer 2. The relation between the
sheet resistance R of a layer and the resistance seen from the
electrodes R, is not obvious. In the Appendix, we prove that
can be written as Rp = oRg, depending only on the geometri-
cal relation between the electrode size and the sample size.
According to the Appendix, and taking into account the rela-
tive electrode size in our samples, the o factor should be
approximately 2.

Rewriting expressions in Eq. (2), I; = V/aRg; and I, =V/
(R;+ aRg). Due to the presence of the R,, the developed
voltage on the opposite corners (van der Pauw voltage cor-
ners) is not the same for both layers (it would the same only
if the injected current on each layer is in a inverse proportion
to the sheet resistance). To obtain the measured voltage we
have to bear in mind the internal impedance across which
the voltage is developed,®® as represented in Fig. 7.

Each one of the voltages AV can be expressed according
to van der Pauw as

AV] :Il . RSl 111(2)/7'5

3

AV2212 .R52 ln(2)/n ( )

and the equivalent voltage measured on the electrodes of the

top layer (electrodes d and ¢ in Fig. 7) with an infinite im-
pedance voltmeter would be

G{Gz
AViGp + AV, —
AV AV, kA=A TG4 G
VR Ry tR2) g GO
P Gf+Gp2
4)

where Gp; and Gp, are the conductances of the IBS and the
substrate, respectively, i.e., G,1 = 1/Rpy=q(npi,1 +piiy)
ti/a, Gpo = 1/Rpy = qno i, th/o being ¢ the IBS thickness and
t, the substrate thickness.

Equation (4) can be written in a more compact way if
we introduce a function F = G/(G,+ G))

FIG. 7. Exploded view of the double layer showing the equivalent voltages
at the potential corners and its internal resistances. Diodes have been
replaced by short circuits or resistors depending on the direct or inverse
polarization.
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_ AV]G,;] + AVszzF

AV
Gpl + szF

®)

The equivalent sheet resistance, R,cey, 1.€., the one measured
on top of the layer 1 is

sheet — ln(2) I 11’1(2) {V/R,,] + V/(R[ +Rp2)}
G’G
G1,1 + Ched 2 2
(Gr + GIJZ)

- ) (6)
{G + GG, }2
"G+ G

Introducing the function F in the sheet resistance formula we
can write

Gpl -+ Gp2F2

. @)
o(Gp1 +Gp2F)2

Rsheel -

In Egs. (6) and (7), Rgpeer tends toward Rg; when G, or F
tends toward zero and (Rgee; tends) toward the value for Ry,
in parallel with R, when G, tends toward infinity and F tends
toward 1.

B. Function V/AV

An important insight of the sample behavior could be
obtained measuring not only the current injected to the elec-
trodes but also the voltage V developed at the current source.
It is easy to prove that V/AV for a simple layer is an/In(2)
whenever the contacts are ohmic and there is no appreciable
voltage drop at them. Also, a two-layer that could be assumed
to be electrically in parallel (i.e., with R,=0) has also the
same value for V/AV; in fact the voltage developed in both
layers is the same since the injected current splits in portions
which are inversely proportional to the sheet resistance.

In a more complex situation, as it is the one we have in
our samples, V/AV can be written as

GG,
Gpl + tYp2
L o G, + sz _om Gpl +Gp2F ®)
AV In(2) Gt + GG In (2) Gp1 + GpoF?’
’ (Gt + Gn2)2

As it can be seen, V/AV goes to an/In(2) whenever G, tends
toward O or infinity (F toward 0 or toward 1).

C. Hall mobility

A similar procedure can be used to find the effective
Hall mobility

— i1 Gpet + 1 Gpnt — 1,0GiGp2/Gr + Gpo
Gpel + Gphl + GtGpZ/Gt + Gp2

Hetr =

_ — 11 Gpet + W Gpnt — W GpoF
Gpel + Gphl + GpZF

. ©)

where Gp, is the electron conductance due to the electrons on
the implanted layer CB (Gpe1 = gnipt1/0), Gy is the hole

J. Appl. Phys. 109, 063718 (2011)

conductance due to the holes at the IB (G, = gpipipiti/o)
being G, and G, the same as the ones defined in Sec. IV A.

Now the o coefficient has to be changed from 2 to 2.2
which is the correct value for R,/R; when the current is
injected at the opposed electrodes in a square sample with
relative electrode size as the ones that characterize our sam-
ples. This is explained in the Appendix.

Equation (9) shows clearly the meaning of the F func-
tion. At low temperatures F goes to 0 and the measured mo-
bility is just the implanted layer mobility while at high
temperature F goes to 1 and we have the compound mobility
between the layer and the substrate. Consequently, the
F function is the “decoupling” function responsible of the in-
dependence of the implanted layer at low temperatures.

V. COMPARISON BETWEEN THE MODEL
AND THE EXPERIMENTAL RESULTS

In order to simulate the two-layer behavior and to com-
pare with the experimental results, some parameters have to
be chosen.

1. Hole concentration in the IB (p;) and mobility (u,,):
Assuming the implanted Ti concentration remaining in the
sample after laser annealing is located interstitially, we will
have a carrier density from 1 to 4 times this concentration.
The mobility should be very low as corresponding with an
IB.?! Best fits are obtained with mobilities between 0.4 and
0.6 cm?/Vs, which correspond to the mobilities obtained
experimentally. We will assume that the carriers behave like
holes, being consequently its mobility positive.

2. Electron concentration in the IBS layer (7;) and mobil-
ity (u,1): The concentration is determined by the IB position
trough Maxwell Boltzmann statistics n; =N, exp(Ec—E;g)/
kT. Tt is supposed that the IB has so many electrons that their
promotion to the CB does not change its density. Mobility at
this band has to be reduced in comparison to the substrate
mobility, since the high Ti-implanted dose produces a certain
amount of lattice alteration. As the IB hole concentration
times the hole mobility is higher than the electron concentra-
tion times the electron mobility for all the temperatures, these
parameters does not affect the fitting.

3. Electron concentration at the substrate (n,) and mobil-
ity (i,2): Their value has been previously measured finding a
temperature  independent electron concentration of
2.2 % 10" ecm™ and a mobility that could be fitted to 1450
(T/300) %% cm?/Vs.

In order to fit the model to the experimental measure-
ments we have, therefore, to scan just three parameters: the
IB energy (we assume is the same for all the samples), hole
mobility at the IB, and the A parameter of the diode satura-
tion current. All the other parameters are determined by
direct measurements (IBS thickness) or are a consequence of
the model (hole concentration at the IB).

Figures 1 and 2 show a comparison between our model
and the experimental sheet resistance and mobility data.
Both are fitted using the parameters quoted in Table 1. The
IB energetic position deduced from this analysis is 0.38 eV
below the CB. This location should be close to the optimum
since as a rule of thumb, the optimum position for the IB is
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TABLE I. Best fitting figures for the three doses analyzed (rows). First col-
umn gives the energy position of the IB, second one pre-exponential factor for
the transversal resistance R,, and the third one the hole mobility at the IB.

Dose (cm %) Ec—Eg (eV) A (A) Lipe (cm?/Vs)
10" 0.38 2x 1077 0.4
5% 10" 0.38 3% 107° 0.4
10'6 0.38 5%10°° 0.6

about one third of the host semiconductor bandgap below the
CB or over the valence band.! On the other hand, the meas-
ured values for the carrier mobility at the IB are extremely
low, suggesting that the IB is a metallic, semifilled-band.
This semifilled-band is the optimum configuration for a high
efficiency device since a filled or empty band would not
allow one of the sub-bandgap transitions. The low mobility
values should not affect negatively the efficiency of the final
device as in a IB solar cell, the IB has to be isolated from the
other bands and thus conduction in the IB would not be nec-
essary. Moreover, the IB would act as an “energy step” to
promote the absorption of photons with energy lower than
the bandgap by means of a two-step transition and thus the
IB does not play any role in the carrier collection process.

In Fig. 1, the temperature at the resistance notch (about
180 K for 10'5 c¢cm™? dose) marks the border between
decoupled layers at the left of the plot or coupled ones for
higher temperatures. At lower temperatures, the R, resistance
is high enough so that only the IBS layer is measured. For
higher temperatures we observe both layers in parallel.

According to the previous explanation, the plateau at
temperatures below the notch in Fig. 1 should be due just to
the IBS layer, i.e., to the holes at the IB and electrons at the
CB. The latter ones are negligible according to Maxwell
Boltzmann statistics for an IB energetic position of 0.38 eV.
Consequently this sheet resistance is 1/qu,;p;t;. This plateau
is reached quicker in the model than in the experimental
results probably due to some leakage currents through the
sample perimeter which is a strongly damaged zone. When
the van der Pauw setup is polarized, the junction below one
of the contact (see Fig. 6 for sake of clarity) is inverse polar-
ized, and an important path for carriers could be formed in
the sample rims that would affect the transport properties of
the sample.

As the previously defined plateau at low temperatures is
a function of p; times p,;, we cannot really know the hole
concentration nor the hole mobility. We can only guarantee
the product of both quantities. In this respect we must
assume an uncertainty of 1-4 times in the hole concentration
and in the hole mobility at the IB.

The temperature for the resistance minimum is strongly
dependent on the IB energy position and less dependent on
the A parameter. Above this temperature the sheet resistance
depends on all the parameters quoted in Sec. [V A.

Figure 8 plots the V/AV factor for the sample implanted
with a 10" cm™? dose. As explained before, the value of this
function should be am/In(2) whenever the sample is just a
simple layer or when the bilayer is effectively in parallel (R,
negligible in comparison with R),,). For a geometrical factor

J. Appl. Phys. 109, 063718 (2011)
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FIG. 8. V/AV function for the sample with 10'> cm™2 dose (solid line: ex-
perimental; dotted line: model).

o =2 (meaning each electrode is about 1/6 of the sample
side), V/AV should be 9, very close to the experimental value
both for low and for high temperature. For intermediate tem-
peratures the V/AV function has a maximum, as predicted by
Eq. (8). The similitude between the theoretical value and the
experimental one certifies that the contacts to the IBS layer
are ohmic, otherwise the experimental value would have
been much higher than the theoretical one. The measurement
of V/AV is an easy method to know the contact resistance
mainly if there are no possibilities to make transversal
measurements.

The decoupling function F' is represented in Fig. 9 for
the three doses analyzed. The function is very similar irre-
spective of the doses except for a slight temperature
displacement.

One of the most interesting aspects of this work is the
nature of the carriers at the IB. The model here proposed for
the bilayer behavior is independent of this nature and it is
only dependent on the barrier current limitation for the elec-
trons. Consequently, the model would work for both types of

1.0+

o o o
» o o
1 1 1

Decoupling function F
o
N
1

g
o
]

T T T T T T T T T T
100 150 200 250 300 350
Temperature (K)

FIG. 9. The decoupling function represented vs the temperature for 10'3
cm? dose (solid line), 5 x 10'* cm ™ (dashed line), and 1 x 10'® cm ™ (dot-
ted line).
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carriers at the IB. The impossibility of the IB carriers to go
to the substrate is irrespective whether they are electrons or
holes. The only difference we can find between electrons or
holes is the change on the mobility sign, which would give
us the type of the carriers at the IB. According to Figs. 24,
the mobility decreases very quickly and an apparent change
from n-type to p-type appears, at temperatures that depend
on the sample processing conditions.

As predicted by the model, at low temperatures we are
measuring only the IBS mobility:

_:ulerle + Mthpll’l
Gple + Gplh .

Hetr = (10)

Samples with low electron mobility should change the po-
larity at higher temperatures, while in samples with higher
electron mobility, the polarity change should be observed
at lower temperatures. Figure 3 shows the Hall mobility
of a sample implanted with a dose of 5 x 10'> cm™? and
annealed at 0.6 J/cm®. This sample has presumably lower
electron mobility because it has been annealed at a lower
energy. The clear change on the polarity is shown in the
inset of Fig. 3. The change is seen at T=190 K. In Fig. 4
we plot the Hall mobility of a sample implanted with a
10'® ¢cm~2 dose and PLM annealed at 0.8 J/cmz. In this
sample, the electron mobility should be higher because of
the higher annealing energy density. Hall measurements
were conducted down to a temperature of 7 K. The polar-
ity change is also clearly evidenced at T=40 K. Results
in Figs. 3 and 4 are in full agreement with the prediction
of Eq. (10).

VI. CONCLUSIONS

High dose Ti-implanted Si crystals show uncommon
electrical characteristics that have been explained using the
theory of IBS and a new model for the electrical conduction
on a two-layer, heterogeneous system. The model takes into
account the current limitation between the implanted layer
and the substrate that was predicted by the IB theory. The
electrical model shown here allows us to explain the cou-
pling and decoupling characteristics of the two-layer and
also to determine that there is no any impact of the electrical
contacts, as they behave as ohmic ones.

Sheet resistance and mobility could be fitted just with
three variables: the IB energy, the hole mobility at the IBS,
and the pre-exponential factor of the junction saturation cur-
rent. The IB energetic position is the same irrespective of the
dose and the hole mobility is almost constant within the ex-
perimental errors. The energetic position of the IB is the
same as the one determined in a previous work where this
energy was determined using a simulation program.

The energy location of the IB deduced from the model
proposed in this study is 0.38 eV below the CB, i.e., about
one third of Si bandgap. This position should be close to the
optimum for an IB in Si. Finally, the extremely low values
obtained for the mobility of the carriers at the IB are typical
of a metallic semifilled-band, and should not affect nega-
tively the conversion efficiency of the final device.
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APPENDIX: RELATION « BETWEEN Rs AND Rp

We have to find the relations « between the resistance at
the consecutive corners of a square layer (Rp) and the sheet
resistance (Rg) of the same layer. Obviously, the resistance
has a strong dependence on the contact shape and its size rel-
ative to the sample size. Assuming triangular contacts we
will introduce the fraction between the contact side to the
sample side as a parameter.

The resistance R, has to be calculated numerically as
there is no analytical model for it. We will model the layer
as an array of resistors with 19 rows and 19 columns and we
will use the popular pspicE code®” to find the o parameter
quoted above. Resistors at the borders should have twice
value because there is not current path outside these limits.*’
For easy calculation we will use 1 Q resistor and we will
inject a 1 A current between two consecutive contacts and
we will register the potential on the current source (V) and
potentials at the opposite corners (V, and V) for different
contact size. In Table II we collect the results of this
simulation.

Column 1 is the contact size, i.e., the number of
nodes that have been short circuited at the corners to
simulate the equipotential triangular contact. The relative
size could be obtained having in mind that the mesh size
is 19 x 19. The second one is the differential voltage at
potential measurement corners, the third one is the sheet
resistance obtained with the classical van der Pauw for-
mula Rs=m/In(2) AV/I. It is important to realize that
the sheet resistance is just the resistance of each one of
the differential elements we used to represent the com-
plete sample. The o factor is simply the voltage devel-
oped at the current source because the current is 1 A and
the sheet resistance is 1 €.

TABLE II. Simulation results from a 19 x 19 1 Q resistor mesh with vari-
able size triangular contacts. Columns are the contact size, the measured dif-
ferential voltage at potential corners, the sheet resistance deduced form the
van der Paw formula, the o factor, the V/AV function, and the error in the
sheet resistance.

Contact size AV R, o factor VIAV Error (%)
1x1 0.222 1.006 5.174 23.306 0.610
2x2 0.222 1.004 2.390 10.785 0.429
3x3 0.220 0.999 1.901 8.623 —0.115
4x4 0.217 0.983 1.542 7.114 —1.746
5x5 0.210 0.951 1.255 5.981 —4919
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TABLE III. « factor for a square layer simulated with a 19 x 19 mesh when
the contacts are at opposite sample sides.

Contact size o factor
1x1 5.394
2x2 2.610
3x3 2.140
4x4 1.711

For our sample, which has approximately 1.5 mm side
triangular contacts, the « factor is very close to 2 and the V/
AV figure is very close to 9. The error in the sheet resist-
ance measurement is as low as 0.1%. Table III gives the
same factor oo when the electrodes are not consecutive but
opposite.
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