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Carrier Separation at Dislocation Pairs in CdTe
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Through the use of aberration corrected scanning transmission electron microscopy, the atomic
configuration of CdTe intragrain Shockley partial dislocation pairs has been determined: Single Cd and
Te columns are present at opposite ends of both intrinsic and extrinsic stacking faults. These columns have
threefold and fivefold coordination, indicating the presence of dangling bonds. Counterintuitively,
density-functional theory calculations show that these dislocation cores do not act as recombination
centers; instead, they lead to local band bending that separates electrons and holes and reduces undesirable

carrier recombination.
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Cadmium telluride (CdTe) is a II-VI compound semi-
conductor that is considered a near perfect material for
low-cost high-efficiency thin-film solar cell applications
[1,2]. Its direct band gap of ~1.48 eV gives a nearly
optimized absorption region for the solar spectrum and a
Shockley-Queisser efficiency limit of ~32% [3,4]. Recent
developments have significantly advanced CdTe thin-film
solar cell technology and the record efficiency of labora-
tory CdTe cells has reached 19.6% [5-8].

However, there is still a considerable gap between the
current best research cell and the theoretical maximum
efficiency. One of the main factors that limits the efficiency
of CdTe cells is the low average minority carrier lifetime,
usually attributed to nonradiative recombination at grain
boundaries (GB) and point defects. Understanding the struc-
ture and the behavior of such defects in elemental and
compound semiconductors has attracted great attention for
a considerable time. In Si, GBs are typically found to be
electrically active [9,10]. In contrast, several groups have
reported the successful passivation of GBs in CulnSe,
(CIS), Cu(In, Ga)Se,, and CdTe [11-24]. An alternative
cause for low efficiency in CdTe could be carrier recombi-
nation at intragrain defects, which are common due to the
low stacking fault energy [25]. However, the electrical
activity of intragrain partial dislocations in CdTe has not
previously been determined. In silicon, calculations of
reconstructed 30° partial dislocations have found them to
be electrically benign [26], whereas in III/V semiconductors
electrically active states were found in the band gap [27,28].
Therefore it seems entirely plausible that intragrain disloca-
tions in CdTe, also a compound semiconductor, may have
electrically active gap states that limit the device efficiency.

Direct determination of dislocation core structures
by transmission electron microscopy (TEM) was very
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challenging prior to aberration correction [29]. In the
present work we have used state of the art aberration-
corrected scanning transmission electron microscopy
(STEM) with sub-A resolution to determine the atomic
structures of intragrain defects in CdTe. STEM
Z-contrast images are sensitive to the atomic number of
the elements [30,31], which enables us to distinguish Cd
and Te atomic columns directly from the image intensity,
resolve the lattice polarity, and further determine the core
configurations of Shockley partial dislocations. Structure
models derived from the STEM images have been con-
structed and relaxed by density-functional theory (DFT)
calculations. The relaxed structures are found to be in good
agreement with the experimental images. The correspond-
ing band structures indicate that the Shockley partial
dislocation pairs are not electrically active. Furthermore,
we find that charge transfer between the Te core (a shallow
acceptor) and the Cd core (a shallow donor) causes signifi-
cant band bending, which would actually help to keep the
electron-hole pairs separated.

The CdTe solar cells studied for the present work have a
structure of CdTe/CdS/Sn0O,:F/glass. The CdTe layers,
with a thickness of 4 wm, were grown by close-space
sublimation and the CdS layers of about 100 nm thick
were grown by tf sputtering on SnO,:F coated commercial
soda lime glass substrates. Both focused ion beam and
conventional polishing and ion milling techniques have
been used to prepare CdTe samples for microscopic study.
Atomic resolution STEM images were acquired with Nion
UltraSTEM 100 and 200 microscopes [32]. The DFT
structural optimizations and energy band calculations
were performed using the local density approximation
with the Hubbard U correction (LDA + U) method
[33,34]. The LDA + U functional is adapted from the
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formalism of Ref. [35] with a U value of 7 eV, which gives
good predictions for the structural and electronic properties
of CdTe [36]. The projector augmented wave method [37]
as implemented in the VASP code [38,39] was employed.
The energy cutoff was set at 350 eV and a 6 X 1 X 1
k-point grid was used for structural optimizations. The
calculated equilibrium lattice constant of bulk CdTe is
6.40 A, which is quite close to the experimental value of
6.48 A [40]. Cd (4d, 5s) and Te (5s, Sp) were treated as
valence states. The calculated band gap for bulk CdTe is
0.98 eV, while the experimental value is about 1.5 eV [41].
Band alignment of the different structures is determined
by comparing calculated core levels.

Z-contrast images in Fig. 1 show the atomic configura-
tion of several dislocations observed within CdTe grains
along the (110) direction. As Te is slightly heavier than Cd,
in the perfect crystal we are able to distinguish the columns
from their image intensities [42]. Since the intensity of the
columns in the dislocation cores could be affected by the
presence of vacancies, strain, etc., we identify the polarity
in the dislocation core based on their bonding to surround-
ing columns. In Fig. 1, the small blue and large yellow
circles indicate Cd and Te columns, while the white boxes
in Figs. 1(a) and 1(b) indicate intrinsic and extrinsic
stacking faults, respectively. If one close-packed plane is
removed from perfect CdTe, which has a zinc blende
structure, an intrinsic stacking fault is formed. If an extra
plane is inserted, an extrinsic stacking fault is created.
Those stacking faults, as well as twin boundaries, are
very common planar defects within CdTe grains. It is
seen that when the stacking faults terminate into perfect
crystal, instead of Cd-Te dumbbells, unpaired Cd and Te
atomic columns appear at the partial dislocation cores.
In Fig. 1(a), there are two partial dislocation cores, one at
each end of the intrinsic stacking fault. One partial contains
a single Cd column and the other contains a single Te
column. We refer to these partials as a Cd core and a
Te core, respectively. This kind of glide set partial

FIG. 1 (color online). Z-contrastimages showing (a) Cd and Te
unpaired atomic columns at a pair of partial dislocations at the two
ends of an intrinsic stacking fault and (b) Two unpaired Te
columns at a partial dislocation at the end of an extrinsic stacking
fault. Small blue and big yellow circles indicate Cd and Te atoms,
respectively. The white boxes indicate stacking faults.

dislocations is associated with slip, and a Burgers vector
analysis indicates that the angle of the dislocation line and
the Burgers vector is 30° [42]; therefore, they are 30°
Shockley partial dislocations. Figure 1(b) shows a 90°
Shockley partial dislocation at the end of an extrinsic
stacking fault. Two unpaired Te columns are indicated
with large yellow circles in the Te-partial core. The corre-
sponding Cd-partial core with two unpaired Cd columns
is often found at the other end of the stacking fault, as
we have reported previously [42]. The unpaired Cd and Te
columns in the dislocation cores suggest the presence of
dangling bonds, which often introduce states inside the
band gap, and facilitate nonradiative recombination.

In the thinnest regions of specimen we were able to observe
changes in the dislocation structure induced by the beam,
which are representative of the atomistic processes of dis-
location motion (see Supplemental Material, movie 1 [43]).
Figures 2(a)-2(c) show frames extracted from a Z-contrast
STEM movie showing the disappearance of an intrinsic
stacking fault. The small blue and large yellow circles mark
the locations of unpaired Cd and Te atomic columns, respec-
tively, in the dislocation cores. The white thombohedron
indicates the location and length of the intrinsic stacking
fault. Between Figs. 2(a) and 2(b), the position of the Cd
core at the left side shifted toward the Te core, thus shortening
the stacking fault by one dumbbell. After being scanned by
the electron beam for a few minutes, the stacking fault
became progressively shorter and eventually disappeared,
as shown in Fig. 2(c). Figures 2(d)-2(f) are Z-contrast images
taken after the movie showing the reappearance and subse-
quent disappearance of the fault. Scanning this area for
another 10 min did not cause the fault to reappear. The fact

FIG. 2 (color online). (a)-(c) are frames from a Z-contrast
STEM movie showing the disappearance of an intrinsic stacking
fault. (d)—(f) are Z-contrast images that were taken after the
movie, showing the fault reappearing and disappearing again.
The small blue and large yellow circles indicate unpaired Cd and
Te atomic columns in the dislocation cores, respectively. The
white boxes indicate the intrinsic stacking fault. The scale bars
are 1 nm.
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that the partial dislocation pairs can be created, changed, and
removed easily under the beam indicates a low formation
energy for this dislocation structure. The mechanism of this
beam induced motion is direct momentum transfer (knock-on
processes) from the high-energy electron beam to the sample,
as has been reported recently in the case of Sig clusters [44].
In thicker regions of specimen such motion was reduced,
although the same core structures were observed. The density
of partial dislocations is higher in the thin areas, suggesting
that many dislocations in the thin areas are actually induced
by the ion milling used to thin the samples.

To investigate the effect of these intragrain dislocations
on the electronic properties of CdTe, structure models were
constructed based on the STEM images and relaxed by
DFT calculations. The dislocation structures were incorpo-
rated into a supercell of 120 atoms consisting of 1 X 10X 6
primitive unit cells as shown in Figs. 3(a) and 3(b) for
the intrinsic and extrinsic stacking faults, respectively. X is
the direction along the dislocation line. Y and Z are the
directions along and across the fault, respectively. Only the
atoms in the dashed boxes were relaxed until the force
acting on each atom was less than 0.02 eV /A. The relaxed
structures match well with the experimental images.
The minimum energy core structures are not reconstructed
into dimers, reflecting the more ionic character of the II/VI
materials than the III/V or group IV materials.

The atoms in the Cdl and Tel columns in both the
intrinsic and extrinsic stacking faults have dangling bonds,
possessing a near sp> configuration rather than the sp?
configuration of bulk CdTe. In the (110) viewing direction,
these atoms appear further away from their Te and Cd
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FIG. 3 (color online). Atomic structure models of (a) intrinsic
and (b) extrinsic stacking faults. The red boxes indicate the
stacking faults. (c) and (d) show the band structure and projected
DOS of the partial dislocations at intrinsic and extrinsic stacking
faults, respectively. A large density of states appears in the band
gap. The energy zero is set to the Fermi level of the stacking
fault. X is the direction along the dislocation line. Y and Z are the
directions along and across the fault, respectively.

neighbors than in the perfect dumbbells. In the extrinsic
case, atoms in the Cd4 and Te4 columns (in the Te and
Cd core, respectively) also have fivefold coordination.
Dangling bonds usually create deep levels within the
band gaps of semiconductors. A common approach to
looking for such defect states is to examine the band
structure and density of states (DOS), and these are pre-
sented for the intrinsic and extrinsic stacking faults in
Figs. 3(c) and 3(d). The energy zero is set to the Fermi
level. The band gap calculated for bulk CdTe is 0.98 eV.
Given that both partial dislocation structures have states
within the energy range of the band gap of bulk CdTe, one
might conclude that the partial dislocation pairs create gap
states and are electrically active.

However, these “mid-gap” states do not exhibit the
characteristics of localized defect states. Instead, they
appear rather delocalized, following the curvature of the
bands outside the range of the bulk band gap. Furthermore
when one examines the band structure of each partial
dislocation core individually, it becomes apparent that
they do not introduce defect states in the gap. The slab
configurations used to examine Cd and Te cores are shown
in Fig. 4 for the intrinsic stacking fault and in Fig. S1 of the
Supplemental Material [43] for the extrinsic stacking fault.
Cd and Te atoms at the surfaces were passivated by pseudo
H atoms with atomic numbers Z = 0.5 or 1.5. The band
structure and DOS of each configuration are shown
alongside the structure models in the figures, and again
the energy zero is set to the Fermi level. Each structure
with only a single dislocation core has a band gap at least
as wide as that of bulk CdTe, and in a very similar energy
range, with no gap states.

With defect states from the individual cores ruled out, it
would seem the states between zero and one eV in the full
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FIG. 4 (color online). Supercells containing (a) an individual
Cd core and (b) an individual Te core of an intrinsic stacking
fault. The red boxes indicate the intrinsic stacking fault. Band
structure and DOS of individual cores: (¢) Cd core; (d) Te core.
No gap states are found.
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stacking fault structures must originate from some interac-
tion between the cores. Further examination of the elec-
tronic structure of the individual dislocation cores reveals
that the Cd dislocations act as shallow donors while the Te
cores act as shallow acceptors, as indicated by the Fermi
levels in the band structure diagrams. When the Cd and Te
cores are paired together, the extra electron from the Cd
core fills the hole provided by the Te core. The transfer of
an electron from the Cd core state to the Te core state
suggests the possibility of a dipole between the cores. The
possibility of such a charge gradient between 30° and 90°
partial pairs has been suggested previously in GaAs [28].
To investigate the extent of charge transfer between the
two cores, in Fig. 5(a), we plot the probability densities of the
highest occupied (red) and the lowest unoccupied (green)
states shown in Fig. 3(c). Unlike localized defect states, they
are seen to be delocalized, extending across many dumbbells
away from the dislocation cores, consistent with their
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FIG. 5 (color online). (a) Calculated probability densities of
the highest occupied (red) and the lowest unoccupied (green)
states shown in Fig. 3(c) (isosurface value: 1.5 X 1073 e/A3).
(b) The blue line shows the electrostatic potential along the
stacking fault, while the red dashed line indicates the average
electrostatic potential. Y is the direction along the fault.
(c) Schematic showing the band bending caused by the charge
transfer between the Te core and the Cd core. Eg,, indicates the
energy difference between the gap states above and below the
Fermi level marked in Fig. 3(c).

identification as energy bands of the crystal. However, the
highest regions of probability density of the two states are
segregated in the direction separating the two cores. The
probability density of the highest occupied state is more
highly concentrated around the Te core, while that of the
lowest unoccupied states is more concentrated around the Cd
core, demonstrating that the extra electron from the Cd core
transfers to the Te core region. However, this does not rule out
the possibility of other electrons moving to the Te core region
to compensate the resulting charge imbalance.

To determine if a dipole is present between the cores, we
plot the electrostatic potential energy along the stacking
fault in Fig. 5(b). Though the potential energy oscillates up
and down between the cores (blue line), the sliding average
(red dotted line) of the potential energy exhibits a continu-
ous downward slope from the Te core to the Cd core,
showing that there is indeed a potential difference between
them. The electric field resulting from this potential differ-
ence will cause the bands to bend as illustrated in Fig. 5(c),
increasing in energy around the Te core and decreasing in
energy around the Cd core. A similar result is found for the
extrinsic stacking fault and is shown in Fig. S2. Such band
bending explains the presence of states within the energy
range of the bulk band gap seen in Figs. 3(c) and 3(d). The
upward shift in energy of the bands at the Te core causes
states from the valance band to appear above the valence
band maximum (VBM) of bulk CdTe, while the downward
shift in energy at the Cd core causes conduction band
states to appear below the conduction band minimum
(CBM) of the bulk. Because excited electrons fall to the
bottom of the conduction band and holes move to the
highest available energy in the valance band, such band
bending provides greater separation between the electrons
and holes, actually reducing the rate of undesirable carrier
recombination. This effect may explain the band bending
reported at Cu(In, Ga)Se, grain boundaries [45,46].

In conclusion, with aberration corrected STEM, single
Cd and Te columns have been found at the intragrain
Shockley partial dislocation cores where the stacking faults
terminate. DFT calculations show these intragrain disloca-
tions do not create states inside the band gap but cause a
significant energy band bending, due to the charge transfer
between the Te-partial dislocation core and the Cd-partial
dislocation core. Since the cores do not introduce gap
states, the stacking faults cannot act as recombination
centers, and are electrically benign. Moreover, because of
the band bending they induce, the dislocation core pairs
actually encourage greater separation of the carriers. Thus,
counterintuitively, improved cell efficiency may result
from increasing the density of intragrain stacking faults
and partial dislocation pairs. A similar conclusion might
apply to other II-VI and III-V compound semiconductors,
as they are also likely to have pairs of nonstoichiometric
dislocations that behave as shallow acceptors and donors.
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