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ABSTRACT

It has long been recognized that the introduction of a narrow band of states in a
semiconductor band gap could be used to achieve improved power conversion efficiency in
semiconductor-based solar cells. The intermediate band would serve as a “stepping stone” for
photons of different energy to excite electrons from the valence to the conduction band. An
important advantage of this design is that it requires formation of only a single p-n junction,
which is a crucial simplification in comparison to multijunction solar cells. A detailed balance
analysis predicts a limiting efficiency of more than 50% for an optimized, single intermediate
band solar cell. This is higher than the efficiency of an optimized two junction solar cell. Using
ion beam implantation and pulsed laser melting we have synthesized Zn;.,Mn,O,Te;., alloys
with x<0.03. These highly mismatched alloys have a unique electronic structure with a narrow
oxygen-derived intermediate band. The width and the location of the band is described by the
Band Anticrossing model and can be varied by controlling the oxygen content. This provides a
unique opportunity to optimize the absorption of solar photons for best solar cell performance.
We have carried out systematic studies of the effects of the intermediate band on the optical and
electrical properties of Zn;.,Mn,OTe. alloys. We observe an extension of the photovoltaic
response towards lower photon energies, which is a clear indication of optical transitions from
the valence to the intermediate band.

INTRODUCTION

Efforts to improve the efficiency of solar cells have led to extensive experimental and
theoretical studies of new materials and new cell designs. To date, the highest power conversion
efficiencies have been achieved with multijunction solar cells based on standard semiconductor
materials (~31%) [1,2]. It was recognized over thirty years ago that the introduction of states in
a semiconductor band gap presents an alternative to multijunction designs for improving the
power conversion efficiency of solar cells [3]. Detailed theoretical calculations indicated that a
single junction cell with a properly located band of intermediate states could achieve power
conversion efficiencies up to 62% - i.e. higher than those for optimized double-junction tandem
cells [4-6]. Despite years of intense efforts no multi-band semiconductor material has been
realized yet [6].

In this paper, we report the design and synthesis of a new type of material having a
narrow band of extended states within a semiconductor band gap. The design of our material is
based on the recently introduced band anticrossing (BAC) model of highly mismatched



semiconductor alloys (HMAs) [7-9]. The BAC model considers compound semiconductor
alloys in which metallic anion atoms are partially replaced with more electronegative atoms.
Group III-N-V alloys in which group V anions are partially replaced with N [10] or group II-O-
VI alloys in which column VI element is replaced with O [11] are the well known examples of
the HMAs. The electronic structure of the HMAs is determined by the interaction between
localized states associated with N or O atoms and the extended states of the host semiconductor.
As a result the conduction band splits into two subbands (E_ and E;) with non-parabolic
dispersion relations [7-9]. For the cases of O in ZnTe, MnTe, the BAC model predicts that the
anticrossing interaction of the O states with the extended conduction band states in the Zn;_
yMn,Te will lead to the formation of a narrow band of intermediate states [12]. With multiple
band gaps that fall within the solar energy spectrum, Zn;.\Mn,O,Te,_, is well suited for the
proposed high efficiency intermediate band solar cells (IBSCs) [6].

EXPERIMENT

We have used O ion implantation followed by pulsed laser melting (PLM) to synthesize
Zn;  Mn,O,Te,y alloys. Multiple energy implantation using 90 and 30 keV O" was carried out
on Zn;.yMn,Te (y=0 and 0.12) single crystals to form ~0.2 pm thick layers with relatively
constant O concentrations corresponding to O mole fractions of 0.0165-0.044. The O-
implanted samples were pulsed-laser melted in air using a KrF laser (A= 248 nm) with a FWHM
pulse duration ~38ns. The energy fluence at the sample ranged between 0.020 and 0.3 J/cm®.
Some of the samples underwent RTA after the PLM at temperatures between 300 and 700°C for
10 seconds in flowing N,. Pulsed laser melting (PLM) is a highly non-equilibrium processing
technique [13,14] which involves the rapid melting and recrystallization of the near surface
region (<0.5um) in a time scale of 10®-10° second. The rapid recrystallization rate results in the
incorporation of impurity atoms to a level well above the solubility limit. This combined ion
beam and laser processing approach has been demonstrated as an effective approach to
synthesize dilute semiconductor alloys including GaAs; <Ny and Ga;xMnyAs [15,16].

The band gaps of the films were measured using photomodulated reflectance (PR) at room
temperature using a chopped HeCd laser beam (A=442 nm or 325nm) for modulation. PR
signals were detected by a Si photodiode using a phase-sensitive lock-in amplification system.
The values of the band gap and the line width were determined by fitting the PR spectra to the
Aspnes third-derivative functional form [17].

RESULTS AND DISCUSSION

Fig. 1 shows PR spectra from a Zng gsMny 1, Te substrate and two Zng gsMny 1,Te samples
implanted with 3.3% of O followed by PLM with laser energy fluence of 0.15 and 0.3 J/cm®.
Two optical transitions occurring at energies distinctly different from the fundamental band gap
transition £, (=2.31 eV) of the Zny gsMny ;,Te matrix can be clearly observed at ~1.8 and 2.6 eV
from the samples after PLM. These. two optical transitions can be attributed to transitions from
the valence band to the two conduction subbands, £ (~2.6 eV) and £ (~1.8 eV) formed as a
result of the hybridization of the localized O states and the extended conduction band states of
ZnMnTe. The strong photomodulated transition signals at both £ and £ indicates the extended
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by rapid thermal annealing (RTA) [11]. Such Figure 1. Photomodulated reflectance
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lower subband E . However, transition to the implanted with 3.3% O followed by
upper subband in these dilute II-VI oxides (or any PLM2 with energy fluence of 0.15 and 0.3
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The absence of spectral features related to the

optical transition associated with the conduction-band edge E- in the ZnO,Se,_, [18] and
CdO«Tex [11] samples is not inconsistent with the BAC model. Note that in these cases the £
band edge has mostly localized-like character since the localized E states are located within the
conduction band. Since the dipole interaction for optical transitions couples much more strongly
to extended states than localized states, the transition related to £ is inherently weak. For the
case of ZnOTe;_x where the Ey states lie below the conduction minimum, the £+ band states are
more extended in character and consequently optical transition becomes strong. The transitions
at around 2.6 eV are the first observation of the E; subband in II-VI HMAs.

The amount of O incorporated in 200 ' ' ' '
the Te sublattice in Zng gsMng 120,Te1« ZnMnTeO
HMAs can be determined using the BAC 600 -
model that relates the two subbands with
the incorporated O content [7-9]. Using
Ep=2.06 eV as the position of the
localized O level in ZnMnTe [18], and 2.2
eV as the matrix element describing the
coupling between localized E, states and
the extended states of the host conduction
band Ej. [11,19], we estimate that for the
sample after PLM with 0.15 and0.3 J/cm® 0
(as shown in Fig. 1), x ~0.024 and 0.018,
respectively. We have also synthesized
Zno.3sMny 120xTe; « layers with x ranging Figure 2. Photocurrent from ZnMnTeO )
from 0.003 to 0.33 by adjusting the total synthesized by PLM at a fluence of 0.3 J/cm”.
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of the PLM process.

Photoconductivity experiments were also 28 E..I o EI C I,f
performed on a ZnMnOTe sample synthesized by O"- P + L
implantation followed by PLM with 0.3 J/cm? to 247 E“‘u., M A L
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conduction bands of this multiband system. A front < L =3 N o]
contact geometry was used. Fig. 2 shows o 2 - -+ -
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functioning of a multiband solar cell). We point out
that the data is not normalized to the overall spectral ]
distribution which is determined by the grating L m
efficiency and the wavelength-dependent lamp 128-4 0 4 8 12
intensity. We tentatively attribute the weaker PC k (1 UE cm-“l )
signal in the £ region to a stronger surface
recombination effect due to shorter penetration depth Figure 3. The calculated energy band
of the incident light. structure for Zng gsMng 1,0,Te;x with

Fig. 3 shows a schematics of the calculated x~0.024. The three possible optical
energy band structure for the case of transitions are indicated.

Zl’lo,ggMno,lzoxTel_x 3110y (Wlth X~0024) based on our

PR and photoconductivity results. A narrow band, £ of O derived extended states is separated
from the conduction band by about 0.7 eV. Three types of optical transitions are possible in this
band structure; (1) the transitions from the valence band to the £ subband with the absorption
edge at Ey.=E(k=0)-E(k=0)=2.56 eV, (2) transitions from the valence band to £ subband with
the edge at £y =E (k=0)-E(k=0)=1.83 eV and (3) the low energy transitions from £ to E; with
the absorption edge at E_=F(k=0)-E (k=0)=0.73 eV. The three absorption edges span much
of the solar spectrum, demonstrating that these alloys are good candidates for the multi-band
semiconductors envisioned for high efficiency photovoltaic devices.

As a first step towards the realization of a single junction IBSC, we attempt to form an n-
type ZnMnOTe layer by co-implanting Cl and O in p-type ZnMnTe crystals (p~10"°cm™)
followed by PLM. It has been well known that ZnTe is nominally p-type. In ZnMnOTe HMAs,
because of the O-induced modification in the conduction, we expect that n-type doping can be
achieved [21]. Rectifying behavior is observed in this structure as shown in the left panel of Fig.
4. The rectifying behavior indicates that Cl is active as a n-type dopant and a p-n junction is
formed. The right panel shows the photovoltage of the same structure as a function of incident
photon energy. Increases in photovoltage at 1.7 eV corresponding to the £ edge and at 2.2 eV
corresponding to the substrate ZnMnTe are observed.

To further evaluate the suitability of our three-band semiconductor for solar cell
applications we have calculated the solar cell power conversion efficiency for the material with
the electronic band structure shown in Fig. 3. The calculations are based on the implement-
tation of the detailed balance theory [21] to the case of a three band semiconductor [4,5]. Even
for this non-optimal band gap configuration we calculate an ideal power conversion efficiency of
45%, which is higher than the ideal efficiency of any solar cell based on a single junction in a
single-gap semiconductor and is comparable to the efficiency of double-junction cells.

The great advantage of our material system is the alloy composition provides a means for
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Figure 4. The left panel shows the current-voltage (I-V) measurement on a Cl+O implanted
p-type ZnMnTe substrate followed PLM with energy fluence of 0.1 J/cm?. The right panel
shows the photovoltage of the same structure as a function of incident photon energy.

varying the three optical transition energies in order to optimize solar cell performance. Fig. 5
shows the calculated solar cell power conversion efficiency for a 3-band Zng gsMng 1,0xTe; «
alloy with varying O content. For example, increasing x to ~0.05 would increase the gap
between £, and £ to 1 eV and lead to a three band semiconductor with an optimum efficiency
of 56%. Also, changing the Mn content provides another way to vary the band structure for
further optimization of solar cell performance.

In addition, we note that other HMAs are also suitable candidates for IBSCs provided
that the localized level (O in II-VI or N in I1I-V) lies below the conduction band of the matrix. A
promising system is the GaNyAs;_.,Py with y in the range of 0.3-0.5 where the N level lies below
the conduction band minimum of GaAs;_,P,.
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interaction between the localized O states and the
extended conduction states are clearly observed in
these dilute II-VI oxides. We demonstrate that
these alloys fulfil the criteria for three band
semiconductor that has been proposed as a means
of making high efficiency, single-junction
intermediate band solar cells.
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Figure 5: The calculated power
conversion efficiency for a solar cell
fabricated from a Zng ggsMng 1,0xTe;«
alloy as a function of O content. The
solid line is an empirical polynomial fit
of the calculated data.
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