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Efficiency of a solar cell with intermediate energy levels: An example
study on hydrogen implanted Si solar cells
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For any pn junction solar cell, there is a theoretical limit to its conversion efficiency, which is
determined by its band gap. This efficiency may exceed the limit by introducing an intermediate level
(IL) that can facilitate the sub-band-gap optical absorption, but the IL can simultaneously enhance the
carrier recombination rate. To understand the net effects of the IL, it is necessary to estimate the rates
of both the optical absorption and carrier capture via the IL. In this study, trap parameters and the
optical absorption coefficient are evaluated for defect levels in hydrogen implanted silicon wafers
using deep level transient spectroscopy, the optical-capacitance transient spectroscopy, and carrier
lifetime measurements. Using the obtained trap parameters, the characteristics of hydrogen implanted
silicon solar cells are simulated. The simulation results indicate that it is not possible to realize
improvements in efficiency by performing hydrogen implantation. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821286]

. INTRODUCTION

The energy conversion efficiency of a conventional pn
junction solar cell is limited by the band gap (E,) of the ma-
terial used because photons with energy hv <E, cannot be
absorbed. As E, decreases, a larger number of photons can
be absorbed and the output current increases, but the output
voltage decreases because the excited carriers lose the
energy of hv — E, in the relaxation process within the mate-
rial. The limiting efficiency was first calculated by Shockley
and Queisser based on the principle of detailed balance,
where the recombination of carriers is considered to be radia-
tive." They also recognized that in an actual cell, recombina-
tion is in fact mostly nonradiative, and introduced a factor f,.
that represents a fraction of the recombination current which
is radiative. The limiting efficiency of a Si solar cell is about
30% if f, = 1, and about 20% if f, = 10>,

To overcome this limit, a solar cell with an intermediate
band (IB) or level was proposed.” If there is an intermediate
energy level in the band gap, an electron can be excited from
the valence band to conduction band by a two-step excitation
via the intermediate level (IL). The intermediate energy level
can be introduced as a native defect or impurity level, or as
an energy level of a quantum structure (well or dot). When
an impurity is adopted to introduce the IL, the two-step car-
rier generation is called an impurity photovoltaic effect. If
the volume density of the intermediate states is sufficiently
large, an IB is formed and carriers can move in it. Otherwise,
the introduced state is discreet and should be called an
intermediate level or state. (In previous studies, the term
“intermediate band” has been used even when carrier trans-
port in the intermediate band is neglected.)

The IL can enhance photo absorption and thus quantum
efficiency in the sub-band-gap region, while simultaneously
acting as a recombination center of carriers. The recombina-
tion center will decrease concentrations of photo-generated
carriers and reduce the photocurrent. In addition, it will
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enhance the recombination of majority carriers. Thus, the
dark forward current will increase and the output voltage can
therefore be decreased. If the effects of recombination
enhancement are more dominant than those of sub-band-gap
absorption, the efficiency should decrease rather than
increase when an intermediate level is introduced. Shockley
and Queisser therefore criticized the concept of IL cells
immediately after it was proposed.' Subsequently, many the-
oretical studies have been done on IL solar cells, and most of
them predict an increase in the efficiency upon introduction
of the IL.>71° However, it is often assumed that the recombi-
nation via the IL is solely radiative, i.e., the same transition
probability can be applied for both the photo-excitation and
recombination processes. This calculation is useful to esti-
mate the ideal theoretical limit, but cannot be considered re-
alistic because the nonradiative recombination is always
non-negligible, and is often much more dominant than the
radiative recombination. It was claimed that the nonradiative
recombination would be suppressed if the intermediate band
is formed, i.e., the wavefunction of the IL is delocalized,“’12
but this claim was subsequently challenged based on the fact
that the wavefunction will be localized during the recombi-
nation process.13 Thus, it is not certain that there is an actual
material system where the nonradiative recombination rate is
sufficiently small for an efficiency enhancement. In fact,
many prior theoretical studies are based on a generalized
quantum-mechanical and thermodynamical model and are
not for a specific material system. Thus, the thermal capture
rates were, if not neglected, just assumed and were not based
on experimental data.'®

The only exception would be In in Si: several research
groups reported the results of efficiency calculations that
were based on experimentally determined defect
parameters.'*!” For In in Si, the energy level is known, and
some limited information on the optical absorption is avail-
able. However, the capture cross section does not seem to be
accurately known. Two groups predicted an increase in

© 2013 AIP Publishing LLC
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efficiency due to the introduction of In,13’14 while another
reported that the improvement is negligible.'® This contra-
diction is due to the fact that the two former groups used a
very small value for the capture cross section for holes (of
the order of 1072? cm?), while the latter group used a more
common value (>10_17 cmz).17

Although there are many theoretical predictions of effi-
ciency improvement, there are few such reports for the actual
solar cell performance by introducing an IL. Li et al. intro-
duced defect levels in a Si solar cell by hydrogen implanta-
tion and observed an efficiency of 35%.'® However, their
results were not reproduced. Then, another group found that
the efficiency was decreased rather than increased by ion im-
plantation.'® For compound semiconductor solar cells, IB so-
lar cells based on quantum structures have been proposed
and fabricated,zo*26 but their performance is not better than
that of the best GaAs solar cell.

Even without any theoretical calculation, one can easily
see that the efficiency will increase if the IL has a very
small capture cross section and a very large optical cross
section. On the contrary, if the capture cross section is
much larger, the efficiency should decrease. Thus, to assess
the net effects of IL for actual material systems, it is neces-
sary to evaluate both the photo absorption rate (optical cross
section) and the carrier capture rate (capture cross section)
by performing independent experiments. In this study, we
first investigate properties of defects in Si introduced by
hydrogen implantation. As detailed in Sec. II, the energy
level, the thermal capture cross section, and optical (photo-
ionization) cross section are evaluated by deep level tran-
sient spectroscopy (DLTS), optical-capacitance-transient
spectroscopy (O-CTS), and carrier lifetime measurements.
Then, based on the obtained defect properties, we simulate
the performance of the solar cell with the defect levels, and
discuss whether or not the efficiency can be improved by
hydrogen implantation. It should be stated here that the
hydrogen-implanted Si cell is investigated just as a first
example. We believe that such experimentation must be
done for any of the proposed IL solar cells.

Il. CHARACTERIZATION OF DEFECTS INTRODUCED
BY HYDROGEN IMPLANTATION

A. Experimental procedure

N-type (100) Si wafers (2-5Q cm) were hydrogen-
implanted with doses of 1x 10'% 3 x 10", and 3 x 10"
cm 2. A Van de Graaff accelerator was used, and the ions
were decelerated by an Al foil so that the resulting implanta-
tion depth was about 1 um for samples used for DLTS and
O-CTS measurements, and 10 yum for samples used for the
lifetime measurement. For DLTS and O-CTS, AuSb was
evaporated on the back side as an ohmic contact, and the
samples were annealed at 320°C for 3min. Then, Au
Schottky contacts were formed on the front (implanted) sur-
face. The Au contact size is 3.14 mm®.

The defect energy levels and the capture cross sections
for the majority carriers (electrons) were obtained by DLTS.
To estimate the capture cross section for holes, the carrier
lifetime was measured by the microwave photoconductivity
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decay (u-PCD) measurement with a 10 GHz microwave
probe and the excitation light of a 770 nm laser diode. We
evaluated the 1/e lifetime, which is defined as the time inter-
val of the decay from the peak to 1/e. The penetration depth
of the excitation light is about 6.5 um.

The optical cross sections of the defects were evaluated
by O-CTS. In the O-CTS measurements, we detected the
capacitance-transient signal of a diode caused by the optical
excitation of carriers from deep levels, and the signal was
converted to an O-CTS spectrum by the rate window scan
method.?”*?® For the excitation light, a 300 W Xe lamp was
employed. The light was passed through a monochromator
and focused onto the Schottky contact region. The Au con-
tacts for the O-CTS measurement were thin enough (about
10nm) to be transparent for the excitation light. At tempera-
tures at which the thermal excitation of the carriers from the
deep levels is negligible, the time constant of the transient
signal is given by

7= 1/Dag,, (1)

where O is the photon flux and ¢, is the optical cross section.
The spectral intensity of the light source was first measured
by a power meter and was then corrected for transmission of
the chamber window and the Au electrode.

B. Experimental results

Figure 1 shows the DLTS spectra (with a time constant
of 7.6ms) before and after the 3 x 10'"*cm ™2 hydrogen im-
plantation. Three peaks (peak 1, peak 2, and peak 3) were
observed for the implanted sample, while no peak was
observed for the unimplanted sample, as shown in Fig. 1.
Thus, the peaks are due to implantation-induced defects. The
same peaks were observed for the lower-dose samples, and
the defect densities obtained from the DLTS peak height
were plotted against the implantation dose in Fig. 2. It should
be noted that the injection-emission biases were adjusted so
that the defect density at a depth of about 1 um was obtained
from the DLTS measurement. The densities increased with
the dose, and the peak 1 defect had the largest density at a
high dose (3 x 10'*cm ?). The energy levels (activation
energy) obtained from the Arrhenius plot of the emission
time constant are also given in Fig. 1. According to the
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FIG. 1. DLTS spectra for the n-type Si wafers before and after
3 x 10" ecm ™2 hydrogen implantation.
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FIG. 2. Defect densities obtained from the DLTS peak height plotted against
the hydrogen implantation dose.

previous studies of hydrogen-implanted Si, peak 1 could be
attributed to the divacancy (V-V)”~ or the phosphorus-
vacancy pair (P-V)”™, peak 2 to a hydrogen-related defect,
and peak 3 to the doubly negative charge state of the diva-
cancy (V-V)f/ff.zg’30

Table I shows the 1/e lifetime for the unimplanted and
implanted samples. The lifetime decreased by about one
order of magnitude as a result of the 1 x 10'*cm ™ implanta-
tion, and the implantation-induced defects therefore act as an
efficient recombination center. However, the dependence on
the dose is weak for the higher doses.

As noted above, the defect density is largest for peak 1
at the higher doses, and thus the peak 1 defect will be most
influential on electronic and optical properties. Therefore,
the optical cross section of peak 1 was evaluated by the
O-CTS technique. Figure 3 shows the O-CTS spectra for the
3x 10" cm™? implanted sample at 190K in the dark and
under illumination with three different photon energies. In
the dark, peaks appear at time constants of 0.025s and 10s.
The former peak corresponds to peak 2 in Fig. 1 and the lat-
ter to peak 1. Under illumination conditions, peak 1 shifted
to shorter time constants. This is because of optical excita-
tion from the defect level to the conduction band. Since the
thermal excitation is not negligible at this temperature, the
emission time constant of the optical excitation is obtained
by the equation

/1= 1/t + 1/t, 2)

where 7 is the observed emission time constant, 7, is the op-
tical excitation time constant, and 7y, is the thermal excita-
tion time constant. The optical cross section o, was
calculated from 7, using Eq. (1), and was plotted in Fig. 4 as
a function of the photon energy. The obtained g, values are

TABLE I. Carrier lifetime of the n-type Si wafers before and after hydrogen
implantation with various doses.

Dose [cm 2] Lifetime (us)
No 3.1

1 x 10" 0.23

3% 10" 0.22

3x 10 0.52

J. Appl. Phys. 114, 114505 (2013)
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FIG. 3. O-CTS spectra at 190K for the 3 x 10" em— implanted sample.
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FIG. 4. Optical cross section obtained by the O-CTS measurement as a func-
tion of photon energy for the peak 1 defect.

of the order of 107 '°-10~1° cmz, and there are no significant
differences between the samples. g, values of the same order
of magnitude have been reported for deep impurities in Si.*!

lll. SIMULATION OF SOLAR CELL PERFORMANCE
A. Simulation method

We used AMPS-1D, which is a well-known device sim-
ulation tool developed by Fonash et al. at the Pennsylvania
State University.*> The structure of the base solar cell is
schematically shown in Fig. 5. The top layer is n*-Si and
there is a back-surface-field (BSF) layer at the bottom. The
surface recombination velocity for the minority carriers was
assumed to be 100 cm/s. A recombination center was intro-
duced at the mid-gap energy level, and the product of its con-
centration and capture cross section was set so that the
carrier lifetime is 0.1 us for the top layer, 0.2 us for the BSF

n-type: Np=10%cm3
thickness: 0.1um

p-type: N,=10%cm3

thickness: 298.9um 300um

p-type: N,=10%%cm3
thickness: 1um

FIG. 5. Structure of the Si solar cell simulated by AMPS-1D.
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TABLE II. Concentration and properties of the peak 1 defect.

Ichimura et al.

Dose [cm™?] N,[em°] E,—E, [eV] 6. [cm?] op, [em?]

1 x 10" 1.0 x 10" 0.4 23x107%  15x107"
3% 10" 2.0 x 10" 0.4 15x107%  1.0x107"
3x 10 1.3 x 10" 0.4 20107 15x1071°

layer, and 1 us for the thick p-type layer. For AM1.5 irradia-
tion, the simulated energy conversion efficiency is 17.7%.

Properties of the peak 1 defect are listed in Table II. The
defect energy level E.—E; and capture cross section for
electrons g, were obtained from the DLTS data (the
Arrhenius plot), neglecting the capture barrier. The capture
cross section obtained by the Arrhenius plot is in fact the
value at the infinite temperature o.. If there is a capture bar-
rier (E¢,p), the capture cross section at a temperature T will
be g..exp(—Ec,p/kT), and the activation energy obtained by
the Arrhenius plot is also different from the energy level
E. —E; by E.,p. Here, we assume that E.,, = 0. The capture
cross section for holes o}, was estimated as follows: Using
AMPS-1D, we first simulated bulk n-type Si having a carrier
lifetime value obtained by the lifetime measurement for the
unimplanted sample. Then, the peak 1 defect was introduced
in the simulation, and its capture cross section for holes was
determined so that the calculated carrier lifetime is equal to
the observed carrier lifetime. For each implantation dose, we
obtained defect parameters separately from the correspond-
ing experimental data. The obtained values of ¢ are different
depending on the dose, as shown in Table II. This will
mainly be due to scattering in the data, but may be partly due
to the variation in the atomic structure of the defect com-
plexes with the implantation dose.

The absorption coefficient («) of the sub-band-gap opti-
cal absorption due to the peak 1 defect was estimated by the
equation

a(hv) = ao(hv)Ny, 3)

where N, is the peak 1 defect density. Figure 6 shows a(hv)
calculated using o,(hv) given in Fig. 4 and N; given in
Table II. For comparison, « in the above-band gap range due

1000 "
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FIG. 6. Absorption coefficient calculated from the optical cross section and
concentration of the peak 1 defect. For comparison, the absorption coeffi-
cient due to the band-to-band transition is also shown.
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to the band-to-band transition is also shown. o due to the
defects is of the order of 0.1-1 cm ™!, which is much smaller
than o due to the band-to-band transition. It should be noted
that g, obtained by the O-CTS measurement is the cross sec-
tion for the electron transition from the defect level to the
conduction band. Thus, the above equation is based on the
assumption that the defects are all occupied by an electron.
To generate an electron-hole pair, a valence band electron
needs to be excited to the defect level. Unless the cross sec-
tion for this process is much larger than ¢, in Fig. 4, the
actual absorption coefficient will be smaller than that given
by Eq. (3) because the defects are only partially occupied by
electrons. Thus, o in Fig. 6 gives the upper limit values, and
the actual sub-band-gap absorption should be smaller. As
shown below, this does not affect the final result.

B. Simulation results

Figure 7(a) shows the calculated current-voltage (I-V)
curves of the Si solar cell both with and without the
implantation-induced defect layer. The defect layer is 1-pm-
thick and is placed at the pn junction (in the p-type layer of
the junction). The defect density is assumed to be constant
(equal to N; listed in Table II) within the defect layer. The
solar cell parameters deduced from these I-V curves are
listed in Table III. As shown in the figure and the table, the
open-circuit voltage (V) decreases with increasing implan-
tation dose (defect density). This is because the defects act
as a recombination center for majority carriers, and thus
enhance the recombination current (forward dark current).
The short-circuit current (I;.) decreases slightly with the
introduction of the defect layer. As noted in the Introduction,
the defect level may increase the photocurrent by acting as a
stepping stone for the sub-band-gap absorption, but it simul-
taneously may also decrease the photocurrent by acting as a
recombination center for minority carriers. The calculation
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FIG. 7. Calculated I-V characteristics of the solar cell with a defect layer at
the pn junction. The defect layer thickness is 1 um for (a) and 10 pm for (b).
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TABLE III. Calculated solar cell parameters of the cells with a 1-um-thick
defect layer. The concentration and properties of the defect are assumed to
be related to the dose, as shown in Table II.

Dose [cm ] I [mAcm ] Voo [V] Fill factor 1 [%]
No 36.46 0.59 0.82 17.69
1 x 10" 36.46 0.59 0.82 17.60
3% 10" 36.42 0.58 0.81 17.13
3x 10 36.06 0.54 0.78 15.29

results show that the enhancement in I, due to the sub-band-
gap absorption is negligible because the absorption coeffi-
cient due to the defects is very small, as shown in Fig. 6. (As
noted above, the actual absorption coefficient is expected to
be even smaller than that shown in Fig. 6.) On the other
hand, since I, decreased only slightly, the effects of the
enhanced recombination for minority carriers are also not
significant. This is because electron-hole pairs generated
within the defect layer can be separated effectively owing to
the depletion region, which extends to about one third of the
defect layer. The diffusion length in the defect layer is sev-
eral pum, which is larger than the defect layer thickness, and
thus the photo-generated carrier can migrate through the
defect layer.

Figure 7(b) shows the calculated I-V curves for the cell
with a 10-um-thick defect layer. N, is assumed to be constant
within the layer and is the same as for Fig. 7(a). The solar cell
parameters deduced from these I-V curves are listed in
TableIV. In this case, a considerable part of the photo-
generated carriers are lost because of enhanced recombination
within the 10-pum-thick defect layer. On the other hand, the
photo excitation due to the defect level is still negligible, and
thus the net effect of the defect introduction is a decrease in I.

If the 1-um-thick defect layer is placed within the BSF
layer, no significant change appears in the solar cell perform-
ance. The defect layer does not affect the forward-bias char-
acteristics, and thus V,. remained unchanged. The excited
minority carriers can be swept to the p-type layer due to the
electric field at the p-type-layer/BSF interface, and thus
enhancement of the recombination is not significant. The
photo absorption due to the defect level is negligible, and
thus no improvement or deterioration was found in the solar
cell properties.

C. Discussion

The simulation shows that the efficiency decreases
rather than increases due to defect introduction. This is

TABLE IV. Calculated solar cell parameters of the cells with a 10-um-thick
defect layer. The concentration and properties of the defect are assumed to
be related with the dose, as shown in Table II.

Dose [cm 2] I [mAcm 7] Voo [V] Fill factor (%]
No 36.46 0.59 0.82 17.69
1x 10" 36.07 0.58 0.82 17.18
3% 10" 32.79 0.55 0.81 14.52
3x 10 24.68 0.51 0.79 9.92

J. Appl. Phys. 114, 114505 (2013)

because the photo absorption via the defect level is so weak
that the additional carrier excitation is negligible, and the
defect level acts as a recombination center to increase
the forward dark current and decrease the photo current. The
rate of the sub-band-gap photo absorption is determined by
the optical cross section ¢, and the rate of the recombination
by the capture cross section . and o},. Therefore, one can
expect that the efficiency will increase if g, is sufficiently
large, or if g, and oy, are sufficiently small. To see how large
g, needs to be for the realization of an efficiency improve-
ment, we calculated the efficiency assuming o, values that
were larger than the actual one. Figure 8 shows the variation
of the efficiency with g,. The defect layer is 1-um-thick and
is placed at the pn junction. For the low dose (small N,), a
small improvement in efficiency will be attained when
o> 107" cmz, i.e., is more than three orders of magnitude
larger than the actual value. It is not plausible that a deep
level defect can have such a large o, since the reported
value of ¢, for impurities in Si are all in the range of
10712107 " cm?.

The photo absorption via the defect level can be effec-
tively enhanced by optical trapping. If the light is reflected at
both of the surfaces, it can travel through the cell repeatedly
and have a greater chance of being absorbed. However, the
above calculation indicates that for realizing significant effi-
ciency improvement, the light needs to go through the cell
more than one thousand times so that the absorption is
enhanced by three orders of magnitude. Therefore, it is not
realistic to increase the photo current by optical trapping
alone.

Another possible way of improving the efficiency is to
find a defect with small capture cross sections g, and ay,. As
shown in Table II, ¢. and o}, are of the order of 10°°-1071¢
cm?. If they are smaller by three orders of magnitude, N, can
be increased by three orders of magnitude without further
deteriorating the I-V characteristics. Then, the absorption
will be enhanced by three orders of magnitude and the effi-
ciency can be improved. This can be generalized as follows:
If the thermal capture cross section is more than three orders
of magnitude smaller than the optical cross section, it may
be possible to increase the efficiency. In fact, a capture cross
section of less than 10~ ' cm? is not unusual for defects in

Efficiency [%]

5
10" 10" 10™ 10"” 10" 10" 10"
Optical cross section [em?]

FIG. 8. Calculated efficiencies of the solar cell with a 1-um-thick defect
layer at the pn junction. The optical cross section g, is assumed to be a vari-
able, and other properties are fixed, as shown in Table II.
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semiconductors. In the carrier lifetime measurement, a slow
component sometimes appears in an excess carrier decay
curve because of a minority carrier trap, i.e., a defect with a
very small capture cross section for majority carriers.>* Such
a trap may, in principle, be used to improve the efficiency of
IL solar cells.

IV. CONCLUSION

We have characterized the defects introduced by hydro-
gen implantation into Si. The energy level and the capture
cross sections were obtained by DLTS and u-PCD measure-
ments, while the optical cross section was evaluated by
O-CTS. Based on the defect properties thus obtained, we
simulated the characteristics of a solar cell having a defect
layer in it. The results showed that it is not possible to
improve the efficiency with defects that have been induced
by hydrogen implantation.

Such a basic investigation of carrier capture and optical
excitation has to be done for any energy level being consid-
ered for IL solar cells. It should again be highlighted that
without performing an evaluation of the actual properties of
IL (native defects, impurities, quantum dots, etc.), we cannot
conclude whether or not the efficiency can be improved by
that level.
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