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Combining orientation dependent electrically detected magnetic resonance and g tensor calculations
based on density functional theory we assign microscopic structures to paramagnetic states involved in
spin-dependent recombination at the interface of hydrogenated amorphous silicon crystalline silicon
(a-Si:H=c-Si) heterojunction solar cells. We find that (i) the interface exhibits microscopic roughness,
(ii) the electronic structure of the interface defects is mainly determined by c-Si, (iii) we identify the
microscopic origin of the conduction band tail state in the a-Si:H layer, and (iv) present a detailed
recombination mechanism.
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Semiconductor interfaces play an important role in solid
state physics and are crucial for the function of countless
devices [1]. Since structure sizes in microelectronics shrink
in order to realize higher integration densities or lower
processing costs (e.g., for solar cells), surfaces or interfaces
gain in importance [2]. Heterostructures [3] and organic
semiconductor devices [4] are based completely on the
functionality of interfaces. The structural discontinuity
present at interfaces often gives rise to electronic states
that may lead to trapping or recombination of charge carriers,
thereby interfering with device function. Controlling the
impact of surface or interface-derived electronic states is,
thus, a prime goal in modern semiconductor processing. To
this end, ultrathin semiconducting or dielectric layers such
as amorphous silicon (-oxide or -nitride), zinc selenide or
aluminum oxide are commonly employed. These materials
form heterojunctions which significantly differ in band
lineup, space charge layers, and specific defects [5–7].
Despite their technological importance, the electronic
structure of many of these interfaces remains under dispute.
A paradigm heterojunction, employed, e.g., in state-ofthe-art high-efficiency solar cells, is formed at the a-Si:
H=c-Si interface [8]. Here, similar to other crystallineamorphous boundaries, the microscopic structure-function
relationship is still in dispute. Open questions concern
(i) the morphology of the interface region under nm-thin
a-Si:H layers [9,10], (ii) the electronic structure of the
heterointerface [11,12] and (iii) of its native interface
defects [13,14], and (iv) the prevailing charge carrier transport and recombination mechanisms at the p=n junction
[15,16]. The tool of choice for structural characterization
of paramagnetic interface states and studying spindependent transport processes in real devices is provided
by electrically detected magnetic resonance (EDMR) [17].
In particular g tensors derived from magnetic resonance
are routinely used as fingerprints for paramagnetic states at
0031-9007=13=110(13)=136803(5)

Si interfaces [18–22]. The amount of information that can
be extracted from the measured g tensors is substantially
extended by advanced computational methods that allow
for their reliable numerical simulation [23–25]. So far,
however, such an analysis has been restricted to localized
defects. Extended states such as band tail states have not
been tackled in this context yet.
In this Letter, we combine continuous wave (cw) EDMR
spectroscopy on a-Si:H=c-Si solar cells with density functional theory (DFT) g tensor calculations of interface states,
in order to explore their electronic properties. Anisotropies
of two different dangling bonds at the [111]-oriented interface are exploited to locate the observed spin dependent
transport process in the multilayer solar cell. By a DFT
analysis of the magnetic Berry phases [26] we assign
atomic structures even to extended states in the a-Si:H
tissue close to the interface. Combining these pieces of
information, electron hole recombination, via conduction
band tail states and paramagnetic dangling bond defects,
is identified as dominating interface mechanism at low
temperatures.
Miniature a-Si:H=c-Si heterojunction solar cells were
prepared on [111]-oriented boron-doped ðpÞc-Si wafers
with 1–3  cm resistivity with a mirror-polished front side
and a rough backside resulting from KOH etching. A heteroemitter of 8 nm ðnÞa-Si:H was deposited by PECVD at
T ¼ 210 C. The front contact was realized by 80 nm of
transparent conductive ZnO:Al and evaporation of a 200 nm
thick aluminum grid. After a separate HF dip, the backside
was covered with aluminum to provide the back contact. A
similar solar cell design has been shown to yield an efficiency
of 17.4% [27].
The solar cells were measured in a BRUKER E580
X-band EPR spectrometer equipped for electrical detection
[28]. The sample was kept at T ¼ 18 K. White light was
applied through a window in the cryostat whereby the
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TABLE I. Experimental (EDMR) and theoretical g tensors
(DFT): localized defects (db, db0 ) calculated via linear magnetic
response (GIPAW)[23]; extended (cbt) and delocalized states
@Morb
(CB) via orbital magnetization, g ¼ @S [26].
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FIG. 1 (color online). cw-EDMR of a-Si:H=c-Si solar cells as
 to B~ 0 taken under
a function of B~ 0 and , the orientation of ½121
white light illumination at 18 K. Symbols: Peak positions of 1
Gaussian (cbt) and 3 Lorentzian (db, db0 , CB) lines. Solid lines:
Fit (black) to cbt [g ¼ 2:004ð1Þ] and CB [g ¼ 1:998ð1Þ]. Fit to
db (red) and db0 (blue) with the same g values [gk ¼ 2:001ð1Þ,
g? ¼ 2:008ð1Þ], but with different orientation [db0 shifted by
 ¼ 106ð2Þ ].

device shows solar cell behavior exhibiting VOC ¼
0:73 V and ISC  0:1 mA=cm2 . cw-EDMR spectra
were taken under forward bias þ0:64 V within an angular range of about 200 , varying the angle  between B~ 0
 direction in the sample. All spectra were
and the ½121
fitted simultaneously with a model consisting of three
Lorentzian and one Gaussian lines (see Supplemental
Material [29]). In Fig. 1, the fitted peak positions of
each deconvoluted EDMR spectrum are plotted against
the angle . Two lines with fixed and two lines with
varying spectral positions are clearly distinguishable.
Isotropic lines contributing to the EDMR spectra are
found at gcbt ¼ 2:004ð1Þ and gCB ¼ 1:998ð1Þ. Due to
their orientation dependence, we assign the resonances
db and db0 to defect states at the interface. The peak
positions of db were fitted with a g tensor with principal
values g11 ¼ g22 ¼ g? ¼ 2:008ð1Þ and g33 ¼ gk ¼
2:001ð1Þ. gk and g? are oriented parallel and perpendicular to the [111] direction of the crystal, respectively. db0
was fitted with a g tensor exhibiting the same principal
values, but with a different orientation. Its gk -axis encloses an angle of  ¼ 106ð2Þ with the surface normal
of the crystal (cf. Table I). The close similarity to the
well-known Pb center at the Si=SiO2 interface [19,30]
may be surprising, but similar results have been reported
by EPR [20]. The backside of the wafer can be excluded
as an origin, since the detected signal intensity depends
on the applied bias voltage, which is not expected for the
highly defective back interface with a pinned Fermi level.
The detection of two defects at the interface with different orientations indicates a microscopic roughness and is
in agreement with findings reported by Angermann et al.
[31] after HF dip of a [111] Si crystal surface.
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The g tensors of the paramagnetic states contain detailed
information about their electronic structure and the (de)
localization of the half-filled orbitals into the Si network
[25]. In order to fully extract this information and to gain
insight into transport related defects on the atomic scale
[21], the EDMR data have to be complemented with
ab initio DFT calculations on a-Si:H=c-Si model structures. For such structures, we calculated the elements of the
electronic g tensor from first principles, using the gaugeincluding projector augmented plane wave (GI-PAW)
approach [23] as implemented in the QUANTUM-ESPRESSO
package [32]. We used norm-conserving pseudopotentials
with a 30 Ry energy cut-off. Electron exchange and correlation effects were taken into account using the gradientcorrected functional of Perdew, Burke, and Erzerhof (PBE)
functional in its spin-polarized form [33]. The deviation of
the g tensor from the free-electron value ge is given by
~ rÞ
~
spin-orbit coupling as mediated by the spin currents jð
induced by the external magnetic field [23,24], whereby
the explicit treatment of an external magnetic field B~ 0 has
to be done in a gauge-invariant way. We modeled the
a-Si:H=c-Si interface in slabs with periodic boundary
conditions. In order to allow for a full description of the
anisotropies of a single spin, the supercell contains only a
single a-Si:H=c-Si interface. The interaction of the periodic images of the slabs are quenched by introducing a
10 Å vacuum layer into the supercell. Numerical convergence is reached using eight layers of crystalline Si (the
bottom layer was saturated with H atoms) within a 8  4
translational symmetry that was covered with a 1 nm-thick
a-Si:H containing 84 Si and 17 H, close to the 17% H=Si
ratio usually found in thin a-Si:H heteroemitters [34].
For such an ensemble of altogether 217 atoms, molecular dynamics (MD) simulations were performed by heating
up the structure to 500 K. In some cases, this resulted in
dangling bonds that evolved in the amorphous part. We
obtained a large variation of anisotropic g tensors with
average g values between 2.0038 and 2.0054, in full agreement with recent results for a-Si:H bulk material [25]. In
the majority of cases, broken bonds were formed directly at
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FIG. 2 (color online). Calculated magnetization density (giving rise to the EDMR pattern) for the recombination-active structures
(red: positive, blue: negative): (a) prototype conduction band tail, (b) Pb -like [111]-oriented dangling bond (db) at the heterojunction,
and (c) a tilted, 110 off-axis oriented dangling bond (db0 ) at a microstep of monatomic height (dotted line). Large spheres: Si, Small
spheres: H.

the interface. Besides [111]-oriented defects at flat regions
of the interface [cf. Fig. 2(b)], dangling bonds aligned 110
from the interface normal were also formed at monoatomic
steps [Fig. 2(c)]. In both cases, the magnetization density,
i.e., the density of the unpaired electron, is localized within
a tripod built up by three crystalline Si zigzag chains. This
trigonal symmetry is also reflected in the g tensor and
explains the close similarities of the db signal with the
Pb center at the Si=SiO2 [111] interface. Note that the tilted
defect (db0 signal) resembles the so-called Pb0 center at the
Si=SiO2 [001] interface, but in contrast to the latter (one
zigzag chain within the interface [21]), it shows an inverted
behavior with two legs of the tripod along the interface.
Returning to the discussion of the isotropic signals, a
value close to gcbt ¼ 2:004 is known for conduction band
tail states in bulk a-Si:H [35,36]. Indeed, our DFT calculations exhibit a conduction band tail state, with a nearly
isotropic g  2:004 already for the ultrathin 1 nm-thick
a-Si:H layer in the heterostructure [cf. Fig. 2(a)]. For
larger, e.g., 8 nm-thick layers, an even more isotropic g
tensor can be expected. The corresponding structure was
modeled with an additional (excess) electron trapped at
the bottom of the conduction band. For this system with
quasidegenerate, partially filled states, perturbation theory
is not applicable. Instead, we have derived the g tensor via
a Berry phase formula for the orbital magnetization where
the spin-orbit coupling enters explicitly the Hamiltonian of
the self-consistent cycle [26]. We use the same approach to
calculate the g tensor for the strongly delocalized conduction band (CB) electrons in crystalline silicon. Assuming
the CB electron to be trapped at the six equivalent CB
valleys around ð0; 0; 0:85Þ2=a, we calculated an isotropic
g value of 1.9990 in excellent agreement with the experimental value of 1.9995 [37]. Within the experimental
uncertainty, a value of 1.998(1) observed for the CB line

in the heterostructure is in accordance with the evaluated
signature of conduction electrons in c-Si bulk material.
Table I summarizes experimentally and theoretically
determined g tensors including their orientation  with
respect to the [111] interface normal, showing an overall
excellent agreement. The remaining questions concern the
identification of the underlying transport processes leading
to the detected EDMR resonances. Information may be
obtained from the position, the sign, and the temperature
dependence of the cw-EDMR lines. We found that the
signals cbt, db, and db0 are current decreasing, a typical
property of recombination processes. Their line intensities
peak around 18 K, while CB peaks at lower temperatures. In
conclusion, we exclude the CB signal from this recombination process. Common temperature dependence and current
quenching property of the three remaining signals cbt, db
and db0 confirm a common transport mechanism dominated
by spin-dependent recombination. Since the sum of their
EDMR-line integrals is not constant, they may, however,
also be involved in additional, recombination-competing
processes. Such processes may include hopping transport
via band tail states in bulk a-Si:H leading to EDMR resonances close to g ¼ 2:0046–48, but with opposite sign compared to recombination processes [36,38–40]. Contributions
of ZnO:Al states to the orientation independent EDMR
signals are excluded, since EDMR active states in ZnO:Al
exhibit different g values [28].
In Fig. 3 (left) the calculated densities of states (DOS)
for the model structures cbt, db, and db0 are displayed
(cf. Fig. 2). The energetic peak positions are consistent
with the character of the EDMR signals and, thus, with a
spin-dependent recombination process (cf. the qualitative
band diagram sketched in Fig. 3, right): After tunneling
into the a-Si:H layer [16], excess electrons from the c-Si
wafer will be captured in conduction band tail states
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approach is of course not limited to a-Si:H=c-Si interfaces.
It may as well be used to map paramagnetic states involved
in spin-dependent transport in organic or other inorganic
materials. It works for any degree of electronic (de)localization and may be extended to a large variety of electronically
functional (hetero-)interfaces, thereby providing general
insight into device limiting states and processes.
We are grateful to K. Jacob, C. Klimm and M. Muske
(all HZB) for sample preparation and M. Schmidt (HZB)
and C. Meier (FUB) for helpful discussions. The work was
funded by the DFG (SPP 1601) and by the BMBF (EPRSolar). The calculations have been performed at PC2
(Paderborn) and HLRS (Stuttgart).
FIG. 3 (color online). Left: Density of states (DOS) calculated
for the interface structures depicted in Fig. 2 (cbt, db, db0 ). The
DFT gap was corrected by a 0.5 eV scissor shift [42] for the
delocalized (CB-like) states. Right: Qualitative band diagram of
the ðnÞa-Si:H=ðpÞc-Si heterointerface with applied forward bias.
EC (EV ), EFn (EFp ) mark conduction (valence) band edges and
electron (hole) quasi-Fermi levels, respectively. EFn , EFp coincide at the electric contacts (not included). Recombination
process: Under illumination an electron is trapped in a-Si:H
band tail states (cbt). Spin-dependent tunneling to interface
dangling bonds (db, db0 ) follows (solid arrow). Recombination
is accomplished by spin-independent capture of a hole (broken
arrow).

[see Fig. 2(a)]. The subsequent tunneling process into
energetically lower lying dangling bond states db and
db0 is spin dependent because they are singly occupied.
Since EDMR detects two g tensor orientations, it is obvious
to assume that tunneling occurs via both configurations
[Figs. 2(b) and 2(c)]. Once a dangling bond state is doubly
occupied, spin-independent capture of a hole below the
quasi-Fermi level EFp completes the recombination step.
In summary, by combining high-resolution EDMR
measurements on real devices with state-of-the-art DFT
calculations we were able to locate device-limiting paramagnetic states in a particular material phase and interface
structure, assign their orbital configuration and extension
into the Si tissue, and locate these states in the solar cell
band structure. Observing spin-dependent recombination,
we find evidence for the involvement of a-Si:H conduction
band tail states and two different paramagnetic dangling
bond states at the [111]-oriented buried c-Si surface. It is
demonstrated that the g tensors of the localized db states
are almost entirely dominated by the c-Si part of the
junction and its roughness. Our work links the structure
and function of the interface to the orbital symmetry of
the recombination active defects. In particular, the important role of extended states in noncrystalline materials
is shown. The isotropic g tensor of extended a-Si:H
conduction band tail states is reproduced in quantitative
agreement with the experiment, providing new insight into
the long-standing debate about the character of the g ¼
2:004ð1Þ signal [41] in this kind of material. The present
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