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a b s t r a c t

The sheet resistance and the Hall mobility of high-purity Si wafers, in whose surface Ti atoms are

implanted and laser annealed reaching concentrations above 1021 cm�3, are measured in the 90–370 K

range. Below 240 K, an unconventional behavior is observed that is well explained on the basis of the

appearance of an intermediate band (IB) region able to form a blocking junction with the substrate and

of the appearance of an IB conduction. Explanations based on ordinary device physics fail to justify all

the unconventional behavior of the characteristics observed.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

This research has been originated within the development of
the intermediate band solar cell (IBSC). The IBSC is a novel device
conceived to exceed the efficiency of conventional solar cells [1,2].
The concept was first proposed in 1997 [3] and since then, efforts
have been made to understand its behavior [4–10], to manufac-
ture practical devices and to empirically demonstrate its opera-
tion principles.

The IBSC contains an intermediate band (IB) material which is
characterized by the existence of an electronic energy band of
allowed states within the conventional band gap EG (Fig. 1). This
IB splits EG into two sub-gaps, EL and EH, enabling the creation
of additional electron–hole pairs by the absorption of two
sub-bandgap energy photons. In this process, one photon pumps
an electron from the valence band (VB) to the IB (photon 1) and a
second photon (photon 2) pumps an electron from the IB to the
conduction band (CB). To ensure the occurrence of both processes,
the IB must be a semi-filled or ‘‘metallic’’ band. Since the process
described occurs additionally to the ordinary pumping of
electrons from the VB to the CB by photons of enough energy
(photon 3), the solar cell photocurrent is higher than in the case of
a conventional design.

In order to obtain high efficiencies, this increase in current has
to be achieved without substantial reduction of the voltage. This
implies that, besides the conventional quasi-Fermi levels EF,C and
EF,V for the CB and VB, a third quasi-Fermi level EF,I associated to
ll rights reserved.

+34 915446341.
the electron population in the IB appears when the solar cell is in
operation. As it is also shown in Fig. 1, the split between quasi-
Fermi levels, which determines the output voltage of the
cell, is ensured by sandwiching the IB material in-between two
emitters of conventional semiconductor, one p type and the other
n type [4].

The efficiency limit of IBSCs designed according to the exposed
model is very high, over 63% [3], to be compared to the limit
efficiency of single gap solar cells calculated by Shockley and
Queisser in 1961, which is 40.7% under the same conditions [1,2].
Regarding the practical implementation of the concept, IBSC
prototypes have been manufactured using quantum dot (QD)
arrays embedded in a higher band-gap semiconductor matrix
[5,6,8,11,12]. In this approach, the IB is formed by the QD-confined
levels and it can be semi-filled by doping [10]. These QD-IBSCs
have provided experimental proof of two key principles of the
IBSC model, namely, the electron–hole generation by double sub-
bandgap photon absorption [13] and the triple quasi-Fermi level
splitting [14].

Alternatively to QDs, it has also been suggested [15] that
actually any element which produces deep levels in a given
semiconductor can be used, in principle, to manufacture an IB
material. However, it is known long ago that deep levels are a
major cause of SRH non-radiative recombination in semiconduc-
tors [16,17] which is detrimental for solar cells. However, if the
impurity concentration is increased above the Mott transition
[15], then the SRH recombination is expected to be suppressed.

The purpose of this paper is to study some electrical properties
of this IB when this is implemented from deep centers. For it we
use Ti, one of the most promising materials to obtain an IB in a
variety of hosts [18–21]. In our work, the Ti is dissolved in Si at
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Fig. 2. (a) Sheet resistance and (b) electron Hall mobility vs. the absolute

temperature of a silicon wafer with titanium implanted at the surface. The

unimplanted substrate data are also presented. Hall mobility is actually negative

revealing electron conduction. Dashed lines represent the fit obtained by assuming

a factor F that quickly changes from 0 to 1 when the temperature transits through

Fig. 1. Illustration of the fundamental operation of the intermediate-band solar

cell.
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high concentrations. It is known that at small concentrations, it
introduces deep donor energy levels at a distance from the
conduction band in the order of 0.3 [22–26] or even 0.51 eV [27].
An acceptor, which lays 0.08 eV below the CB and is thus fairly
inactive [25,27], has also been identified. But the solubility values
of Ti in Si reported in the literature lie far below the range
required for exceeding the Mott transition, at about 6�1019 cm�3

at 300 K [15], and therefore for the formation of a true IB with
suppressed SRH recombination. To overcome this drawback, the
pulsed laser melting (PLM) preparation method has been used
[28], which is known to succeed in incorporating shallow dopants
to the Si lattice at concentrations far above the equilibrium solid
solubility [29]. This method has also been successfully used for
the preparation of the IB materials based on the band anti-
crossing mechanism [30].
200 K.
2. Sheet resistance and mobility

Si (111) wafers 300mm thick of high resistivity (200O cm,
light n-doping ND ¼ 2.25�1013 cm�3), have been implanted with
Ti ions [28] at ultrahigh doses (1015 and 5�1015 cm�2). Then, to
recover the crystallinity of the implanted layers and electrically
activate the Ti impurities, a KrF excimer laser (l ¼ 248 nm) was
used with energy densities of 0.6 and 0.8 J cm�2 and pulse width
of 20 ns. Titanium profiles have been determined by ToF SIMS
measurements before and after laser irradiation. For the 1015 cm�2

implantation irradiated with 0.8 J cm�2, loss of Ti atoms was in the
range of 40%.

We present in Fig. 2 the sheet resistance and the Hall mobility
of the substrate wafer and of implanted wafers on this substrate
as a function of the temperature. Aluminum contacts are
deposited on the top of the samples following the van der Pauw
configuration scheme without any subsequent thermal treatment.
Therefore, for the Hall measurements, only the top implanted
layer is contacted.

For temperatures above 240 K, the behavior is the one expected
for a heavy/light-doped double sheet. The highest sheet resistance
occurs for the unimplanted substrate and increases with the
temperature due to the reduction of the mobility, but when there
is an implanted layer, it operates in parallel and the sheet
resistance is reduced by the conduction in the highly conductive
implanted layer. This conduction is the highest for the case of
implantation with 5�1015 cm�2 Ti atoms together with the
lowest energy laser irradiation (0.6 J cm�1) that is deemed to
produce less Ti escape.

As for the mobility, of n type, it decreases monotonically in this
range because it is dominated by the scattering with phonons
whose concentration increases with temperature. Also in the
implanted cases the mobility is smaller due to higher scattering
with impurities.

At temperatures below 240 K the behavior of the substrate
does not experience any change of tendency, as it is well known to
occur, but several odd characteristics appear for the rest of the
cases: (a) The sheet resistance of the whole sample is higher than
the sheet resistance of the substrate. This is odd because the
combined resistance of two branches in parallel cannot exceed the
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Fig. 3. Current–voltage plots at low and high temperatures obtained when

contacting the implanted wafers with front and back contacts and guard rings at

the front. At low temperature, the characteristics show the rectifying behavior that

is responsible for the decoupling of the implanted layer with respect to the

substrate. This behavior disappears at room temperature (298 K).

Fig. 4. Schematic of the blocking diode between the substrate and the IB layer in

the sheet resistance and Hall effect measurements. At high temperature the diodes

are practically short circuits.
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resistance of any branch; (b) The mobility has regions in which it
increases as the temperature increases. Increasing shapes may be
found at temperatures below 90 K when the scattering by charge
particles dominates [31] but this is not likely to occur above these
temperatures. In general the mobilities are negative, that is, they
are electron-type mobilities, but when the temperature is very
low they become very close to zero and then the sign is uncertain.
In some cases very small positive mobility seems to have been
observed.

The sheet resistance of two layers in parallel, one of them
consisting of an ordinary semiconductor with electron and hole
conduction and the other being an intermediate band material is
given by:

Rk ¼
1

eðf spsmps þ f bpbmpbF þ f spImI þ f snsmns þ f bnbmnbFÞt
(1)

where the subindices b and s refer to the bulk (substrate)
and surface (implanted) sheets, fbt and fst are the thicknesses of
these sheets, the subindex I refers to the carriers in the IB
(electrons and holes) which are assumed to be in the surface
sheet and F is a factor that equals one when the two sheets are
perfectly coupled and zero when the substrate is perfectly
decoupled. The nature of this decoupling will be explained
later.

Hall voltages appear [32] when the sample is under the
influence of a magnetic induction. For the case of having two
sheets in parallel and current conduction in the IB in addition to
the VB and CB, the generalized formula for the Hall mobility
(neglecting energy dispersion effects), assuming hole–IB conduc-
tion, is given by

mH ¼
ðf sm2

psps þ f bm2
pbpbF þ f sm2

I pI � f sm2
nsns � f bm2

nbnbFÞ

ðf spsmps þ f bpbmpbF þ f spImI þ f snsmns þ f bnbmnbFÞ
(2)

In case of electron conduction in the IB, the corresponding term in
the numerator should be negative. In Eqs. (1) and (2), several
terms may be negligible and in some cases only one term is
dominating. For instance, in the substrate, only the terms in nb are
important so that RJ ¼ 1/enbmnbt and mH ¼ �mnb.

For explaining the high sheet resistance observed below 240 K
we must admit that the substrate is decoupled, at least to a
certain extent (F small) so that the sheet resistance and possibly
the Hall mobility become dominated by the implanted layer. If
this happens, the resistance tends to grow at low temperature due
to the reduced ionization of the Ti donor level (or band) that is
located quite deep in the band gap. This effect does not happen
in the substrate because its donor level is very shallow. This
band has probably a low mobility as suggested by the large
effective mass to be expected from a narrow band. The IB
current could be supported by electrons when it is almost fully
ionized (at higher temperature) or holes when it is almost full of
electrons. In consequence, the sheet resistance is given in this case
by RJ ¼ 1/e(fspImI+fbnbmnbF)t. Thus, the sheet resistance may be
high.

The measured mobility at low temperature is a combination of
the substrate and IB mobilities given by mH ¼ ðf sm2

I pI � f bm2
nbnbFÞ=

ðf spImI þ f bnbmnbFÞ. The fact that the measured mobility is usually
negative suggests, even if the IB mobility is positive, that the
substrate term, characterized by its high mobility, can dominate
even if the conduction is mainly through the IB. But the IB
mobility might also be negative. Anyway, it cannot be strictly zero
because in this case the measured mobility at very low
temperature should have been mH ¼ mnb which has been measured
to be high. This fact is to be stressed because it shows that there is
a small but non-zero IB mobility.
3. Nature of the layer decoupling: formation of an IB–n blocking
junction

In some implanted wafers, we have deposited circular
aluminum contacts (2 mm diameter) with guard rings on the
front face and a wider contact in the back face in order to
investigate the decoupling mechanism. Diode IV curve shapes
have appeared at low temperature that, surprisingly, are absent at
high temperature. We present the IV curves at low and high
temperature in Fig. 3. This diode behavior under reverse bias is the
cause of the substrate-layer decoupling.

Although the effect is distributed, the sheet resistance
measurements can be explained with Fig. 4. If the diodes are
short-circuted as it happens at high temperature, the sheet
resistances of the implanted layer and the substrate are
measured in parallel but, if they are active, then one of the two
diodes is in reverse bias and no current can flow through the
substrate.

To explain the nature of the blocking diode in terms of IB
formation, we first illustrate in Fig. 5a schematic of a n–IB junction
the IB being the relatively deep donor level found. As explained in
Ref. [4], the Fermi level in the IB material splits under non-
equilibrium conditions into three quasi-Fermi levels, one for the
VB one for the CB and a third one for the IB.

At high temperature, the electron density equals the donor
density, which is totally ionized (or almost) in both sides (this case
is not illustrated in Fig. 5). Non-equilibrium situation (as the one
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Fig. 5. IB–n junction for compensated semiconductor at low temperature in (a)

equilibrium and (b) reverse biased.

G. Gonzalez-Dı́az et al. / Solar Energy Materials & Solar Cells 93 (2009) 1668–1673 1671
introduced during the Hall measurements) does not change this
electric-charge equilibrium condition and the barrier between
both regions is the one at equilibrium. Assuming no heavy doping
effects (that might change the equivalent density of states of the
conduction band in substrate and layer, that cancel when they are
equal), it is given approximately by efB ¼ kT ln(NDb/NDI) where
the ND’s are the density of donors in both regions. No voltage can
appear in the interface.

The situation changes drastically at low temperature. As
before, the quasi-Fermi level for electrons at the substrate side
stays pinned to the CB by NDb ¼ NC exp(�VC/kT) (NC is the
equivalent density of states of the CB; see Fig. 5a for the rest of
the nomenclature). As for the IB, we assume partial compensa-
tion; that is, the existence of a smaller density of states NAI in an
acceptor level (fully ionized) that keeps the charge neutrality with
the few ionized donors when the electron density has decreased
below the acceptor density of states. Nevertheless, it has to be said
that this acceptor level is not necessary to explain the changes in
the n–IB barrier that follows but simplifies the discussion.

According to our assumption, at low temperature the charge
neutrality is produced by equating the ionized donor density with
the acceptor density. Thus, the IB quasi-Fermi level is pinned to the
IB (disregarding for simplicity-level degeneration) by NAI ¼ NDI(exp
(VI/kT)+1)�1

ffiNDI exp(�VI/kT). In equilibrium, with all quasi-Fermi
levels together efB ¼ EC�EDI�VC�VI ¼ EC�EDI�kT ln(NDINC/NAINDb).
In non-equilibrium, it is possible to split the quasi-Fermi levels and
the barrier will increase together with this splitting so that a voltage
eV ¼ EFC�EFI appears in the barrier. Notice that, in reverse bias, that
is the case represented in Fig. 5b, V is negative (EFI above EFC).

By calling pI ¼ NDI�nI the density of ionized donors in the IB, nI

being the concentration electrons in the intermediate band, the
charge neutrality condition is precisely NAI ¼ PI.

Neglecting the generation–recombination processes in the
space charge zone, the current across the n–IB junction is the
sum of the diffusion currents of the minority holes at the sub-
strate side and of the almost minority electrons at the implanted
side:

J ffi
kT mp

Lp
Dpð�xnÞ þ

kT mn

Ln
DnðxIÞ (3)
where the Einstein relationship for diffusion constants has been
used. The L’s represent characteristic distances. For long diodes it
corresponds to the diffusion length; for short diodes it might be
the region thickness if the surface recombination is infinite. The
current of the holes in the IB has not to be calculated (in the limit
above mentioned) because this current has to be zero since it has
no continuity on the base side. Dp(�xn) and Dn(xI) are the hole
excess at the n-side and electron excess at the implanted region
respectively, neighbors to the n–IB junction space charge region,
and are given by

Dpð�xnÞ ¼
n2

i

ND
exp

EFC � EFV

kT

� �
(4)

Dnð�xIÞ �
NCNDI

NAI
exp

EDI � EC

kT

� �
exp

eV

kT

� �
(5)

where ni is the silicon intrinsic concentration. Eq. (4) is obtained
applying the conventional Shockley’s diode model to the n-side of
the junction. Eq. (5) is obtained by noticing that

nðxIÞpI � NC exp
EFC � EC

kT

� �
NDI exp

EDI � EFI

kT

� �
(6)

together with eV ¼ EFC�EFI and pIENAI. Substituting Dp(�xn) and
Dn(xI) into Eq. (3) leads to

J ffi
kTmp

LpND
NCNV expð�EG=kTÞfexp½ðEFC � EFV Þ=kTÞ� � 1g

þ
kTmn

LnNAI
NCNDI exp½�ðEC � EDIÞ=kT�½expðeV=kTÞ � 1� (7)

Note that the decoupling is found when the n–IB junction is
reverse biased. In this case, EFI is above EFC indicating that the
currents are dominated by thermal generation mechanisms. For
the same reason EFV should be above EFI as required by the carrier
balance in the IB if current in this band is negligible. This would
entail that exp(eV/kT) and exp[(EFC�EFV)/kT)] are very small
leading to a saturation current. The dominant term of this
saturation current is the one with the exponential factor
exp[�(EC�EDI)/kT] affected by a low band gap.

An interesting aspect of Eq. (7) when only the second term is
retained is that it is the same of a hetero-junction between a n-Si
material and a p-material of EC�ED band gap, with the same
affinity than Si and a doping NAI, provided that only the dominant
term, of electron injection into the low band gap material, is
retained. The advantage of this similarity is that the Atlas
simulation code [33] can be used and the coupled and decoupled
situations can be visualized in Fig. 6. At high temperature the
equipotential lines show a vertical distribution characteristic of a
parallel coupling between substrate and implanted layer. At low
temperature they show all the substrate at the same potential
proving that the substrate does not carry any current.
4. Conclusions

In summary, at room temperature our measurements of sheet
resistance and Hall mobility on a heavily Ti implanted silicon
wafer are interpreted rather conventionally on the basis of a deep
donor level with a negative Hall mobility in the implanted layer.
At low temperatures the substrate is decoupled of this layer by a
reverse biased n–IB junction and the sheet resistance grows above
the one of the substrate while the mobility takes values rather low
due in part to the low but not zero mobility of the IB. Because of it,
mobility is usually observed as a negative mobility. However, at
high temperatures, the IB is almost empty of electrons (almost
totally ionized) and the electron mobility observed is the one
expected; at low temperature the IB is almost full of electrons and
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Fig. 6. Equipotential lines in the Hall sample of an implanted layer simulated with the Atlas code: (a) at 300 K and (b) at 70 K. The implanted layer is located at the top.
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a hole mobility might be expected from theoretical considera-
tions. The existence of an intermediate band with non-zero
mobility could also find application for the practical implementa-
tion of the selective energy contacts required by hot carrier solar
cells [34,35].
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