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We investigate local electronic properties of cadmium telluride solar cells using electron beam
induced current (EBIC) measurements with patterned contacts. EBIC measurements are
performed with a spatial resolution as high as =20 nm both on the top surface and throughout the
cross-section of the device, revealing a remarkable degree of electrical inhomogeneity near the p-
n junction and enhanced carrier collection in the vicinity of grain boundaries (GB). Simulation
results of low energy EBIC suggest that the band bending near a GB is downward, with a
magnitude of at least 0.2 eV for the most effective current-collecting GBs. Furthermore, we
demonstrate a new approach to investigate local open-circuit voltage by applying an external
bias across electrical contact with a point electron-beam injection. The length scale of the
nanocontacts is on the length scale of a single or a few grains, confining current path with highly

localized photo-generated carriers.



1. Introduction

Chalcogenide and chalcopyrite photovoltaic (PV) materials are attractive options for thin
film solar cells due to their effective optical absorption and inexpensive fabrication processes [1]
[2]. Among these thin film PVs, cadmium telluride (CdTe) solar cells represent one of the most
successful solar energy technologies on the market today. However, at =13 % efficiency,
commercial module performance is still well below the theoretical maximum value (=28 %
under 1 sun) [2]. The underlying physical mechanisms for the discrepancy between the actual
and theoretical efficiencies are presently not well understood. Grain boundaries, for example, are
known to have a high concentration of defects and impurities which generally increase carrier
recombination and thus adversely affect cell performance. In contrast, it has been suggested that
compositional non-uniformity and/or surface states present at grain boundaries in the CdTe
absorber induce a space-charge region, which can be beneficial for minority carrier collection [3,
4]. The effect of grain boundaries on the open-circuit voltage (Voc) is another important
consideration, as Vo for these materials is still well below its theoretical maximum [5,6].
Therefore, the details of how microstructure affects macroscopic performance must be addressed
in order to optimize performance of PV materials comprised of a high density of grains.

Characterization techniques based on scanning probe and focused electron beams are
increasingly used for investigating microstructures, compositions, and optoelectrical properties
of thin film solar cells [7,8]. Electron beam induced current (EBIC) is one such method, and is
frequently used to map hot carrier recombination in semiconductors by rastering an electron
beam in a scanning electron microscope (SEM) while selectively collecting minority carriers
using a Schottky or a p-n junction [9]. The EBIC contrast reflects the local efficiency of carrier

collection, which is determined by local built-in and applied electric fields, as well as the carrier



recombination rate. To improve the signal-to-noise ratio and decrease the effects of surface
recombination, high energy beams (>10 keV) are typically used for EBIC measurements [10].

In this work, we extend traditional EBIC measurements on photovoltaic devices in three
ways: (1) use of low energy beams (<5 keV) in order to map the photocurrent response with a
spatial resolution adequate to probe the material inhomogeneity, (2) use of a patterned contact on
the CdTe layer to confine the current path, and (3) application of external bias across the
electrical contacts, which enables the measurement of current-voltage (I-V) characteristics for
these confined current paths with highly localized photo-generated carriers. Using these
techniques, we find substantial inhomogeneity in material properties within the p-n junction, and
a band bending exceeding 0.2 eV near GBs which most effectively facilitate charge collection.
The paper is organized as follows: in Sections 2 and 3 we describe experimental and modeling
details, respectively. In Section 4, we first present low energy cross-sectional EBIC data,
followed by top-down EBIC data with a patterned top contact. We then discuss simulation
results, showing that the low energy EBIC signal is sensitive to the magnitude of the local
electric field, and the top-down EBIC signal line-shape can be used to estimate the band bending

near a grain boundary. Finally, we present I-V data obtained with a nanocontact.

2. Experimental

All measurements in this work were performed on thin film solar cell fragments extracted
from a commercial solar module, consisting of p-type CdTe (=3.5 um) / n-type cadmium sulfide
(CdS; =50 nm) sandwiched between two glass substrates (=3 mm). The large module was cut
into small pieces (< 3 cm x 3 cm), and the polymeric layer (ethylene vinyl acetate) was slowly

peeled off a tempered glass, exposing a stack of p-CdTe / n-CdS / transparent conductive oxide



(TCO) films on top of the other glass substrate. To make Ohmic contact to the p-CdTe, we either
used the native metallization remaining on the surface after the extraction process or deposited
platinum (Pt) contacts using a focused ion beam (FIB) with a size down to =0.5 pm x 0.5 pm.
The second common contact to the TCO layer was made using indium solder. Electrical
measurements are performed in a SEM equipped with a nano-manipulator used for placement of
a tungsten probe (100 nm tip radius) on top of the contacts to p-CdTe. I-V data were collected
using an external source-measuring unit, while EBIC images were obtained using a low-noise

current amplifier under computer control.

3. Model details
To assist in interpreting the experimental results, we perform 2D finite element
simulations. The model consists of coupled drift-diffusion and Poisson equations, with Shockley-

Read-Hall recombination. The generation bulb is a Gaussian, with length scale set by the beam

energy according to: R =0.043x(E,.../p) [g cm™ keV ym], where p is the material density.

The distance between the top surface and the excitation peak is 0.3R, while the width of the
excitation is o = R/Jl_S [23].

We consider two geometries: the first is a simple p-n junction with large contacts, which
we use to study the low energy cross-sectional EBIC signal (see Fig. 3a). The second geometry
has a localized contact on the p-type region, a back contact on the entire length of the n-type
region, and a grain boundary (see Fig. 4b). We model the grain boundary (GB) by imposing a
fixed electrostatic potential difference AE between the neutral p-region and the GB center [21].

We vary the band bending AE, and the recombination velocity at the GB center S, . The model
parameters are given in Table 1. The values of top surface and hole contact recombination
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velocity were obtained by fitting high energy EBIC data (> 10 keV) to analytic models, as in

Ref. [24].

Table 1. Model parameters

Parameter CdsS CdTe
Layer thickness [um] 0.12 3.6
Band gap [eV] 2 1.5
Conduction band offset [eV] 0 -0.1
Doping density [cm?] 10" 10"
Hole mobility [cm®* V™' s7'] 320 320
Electron mobility [cm® V™ s7'] 40 40
Minority carrier lifetime [ns] 0.8 0.8
Majority (minority) carrier recombination velocity at 108 (108) 108 (3><104)
contact [cm/s]

Generation rate [cm™ s7] n/a 6x10%
Top surface recombination velocity [cm/s] 1.8x10° 1.8x10°

4. Results and discussion

The baseline PV performance of the extracted CdTe specimens evaluated under 1000
W/m? (1 sun) is 12 % efficiency, with a Js. of 23.3 mA/cm?, a Vo, of 820 mV, and fill factor of
64 %, indicating that device properties are mainly preserved after the extraction processes. Fig.
1(a) shows an SEM image of the cell. The grain size varies from ~0.1 um to ~2 um with a peak-
to-peak surface roughness of <0.5 pm, indicating highly inhomogeneous microstructure, typical
of a polycrystalline CdTe absorber. A simultaneously collected EBIC image at 5 kV is shown in
Fig. 1(b). The current is collected with a probe tip positioned on an isolated flake of the native
metallization (contact area =5 um x 10 um). The bright contrast seen at many grain boundaries

(GBs) indicates higher minority carrier collection for excitations at grain boundaries than at grain



interiors (Gls), consistent with prior work [11]. A line scan corresponding to the EBIC signal
collected for two adjacent grains is plotted in Fig. 1(c), where the current peaks (=<6 nA) at each
GB and reaches a minimum (=1 nA) at the center of the GI. As we discuss later, we use the
magnitude of signal enhancement at the GB (a factor of 5 to 6) in order to estimate the band
bending at these GB. The decay length of the EBIC signal is characteristic of (at least) two
length scales: the space-charge depletion width and the minority carrier diffusion length. Some
grain boundaries show a plateau (<200 nm) at the peak of the EBIC current, which we attribute
to the depletion width (Fig.1c, ®). The decay of the peak EBIC signal from the GB toward the
Gl can be fit with a simple exponential Iggic = exp (-X/L¢), where L. is an effective minority
carrier diffusion length. The extracted value of L. from the EBIC line scan is in a range of ~100
nm to ~800 nm.

To characterize the local response throughout the entire p-n junction region, we use a FIB
to cut a cross-section through the device. The FIB process additionally results in a smoother
surface compared to the native top surface, minimizing the effect of surface roughness [14].
Simultaneously obtained SEM and EBIC images on the cross-sectioned device are shown in Figs
2(a) and 2(b), respectively. The magnitude and line shape of the EBIC signal near the p-n
junction can be similar to that near some grain boundaries. However, the plateau width and
decay length in the signal at different grain boundaries or at different positions along the p-n
junction vary significantly throughout the sample.

To assist in interpreting these data, we perform two sets of simulations: the first
simulation geometry is shown in Fig. 3(a), and is intended to clarify the cross-sectional EBIC
data taken at low energies. At low energies, the length scale of the excitation bulb is smaller than

that of the material inhomogeneity. Analytic EBIC models are derived for homogeneous



materials [12], so that their application to strongly inhomogeneous materials like CdTe is not
straightforward. Fig. 4 shows the simulated signals for a range of beam energies, along with the
signal predicted by the commonly used EBIC models of Refs [22, 25]. For high beam energies,
the analytical model agrees well with the simulation results. However, for low beam energies
there are deviations between the analytic expression and the simulation, especially near the edge
of depletion region. The source of this discrepancy is the approximation made in the analytic
treatments that all carriers within the depletion region are collected. In fact, the collection
probability for carriers within the depletion region is less than 1 due to the high surface
recombination. In general, the signal is substantially decreased; however the signal line-shape
not adequately captured by the analytical model may offer an additional route to probing material
properties.

To study how the low-energy EBIC signal depends on the electric field in the depletion
region, we vary the band bending in a single CdTe layer for a fixed low-energy beam [20]. The
results are shown in the inset of Fig 4. For small band bending (or small electric field), the
maximum signal is reduced, as the charge separation from the weak electric field is not sufficient
to overcome the strong surface recombination. We argue on the basis of Fig. 4 that the low-
energy EBIC signal is a very sensitive probe of the magnitude of local electric fields (for
sufficiently small fields, so that the collection probability is less than 1 in the field region). The
quantitative features of the inset of Fig. 4 are not universal however, and depend on parameters

such as S, and L. Therefore some a priori knowledge of these parameters is required for

quantitative estimates of electrostatic fields. Here, as mentioned above, we determine these

parameters from the high-energy EBIC that effectively averages the data over multiple grains.



The interpretation of low energy EBIC signals in terms of local electric fields leads to the
surprising conclusion that the electric field at the p-n junction and at the GBs is highly
inhomogeneous. This is seen in Fig. 2(b), which shows significant variation of the EBIC signal
even deep within the nominal depletion region. This may be due to a variety of factors, including
inhomogeneous doping of grains, which would lead to variations in band bending and diffusion
lengths between grains. Another possibility is the presence of localized states at the vacuum
surface whose density and energetic position depend on the crystallographic orientation of the
grain. These states could lead to a band bending at the vacuum surface, changing the effective
surface recombination velocity in different grains. Finally sulfur diffusion and inhomogeneous
CdTe coverage could lead to an inhomogeneous electric field at the junction interface. We
believe that the signal line-shape is indicative of real material structure, and that it may be
ascertained with more systematic studies in the future, in conjunction with modeling efforts.

We next simulate the top-down EBIC experiment, with the geometry shown in Fig. 3(b).
We model the GB by imposing a fixed electrostatic potential difference AE between the neutral
p-region and the GB center [21]. The two parameters we vary are the band bending AE and the

recombination velocity at the GB center S_;. As shown in previous works, downward band

bending at a grain boundary facilitates charge collection, while for some cases, increased
recombination at the GB can reduce charge collection [17]. Fig. 3(c) shows the overall current
distribution (minority and majority currents) for an excitation away from the contact. The
electron (minority carriers) current flows to the GB and to the CdS layer. The hole current flows
downward from the excitation point to the junction, then around the GB, and finally back upward

to the hole-collecting contact.



Fig. 5(a) shows the simulated EBIC signals for S;; =0 (no extra recombination at the

GB center) and a range of band bending AE for the beam energy of 5 keV. As the excitation is
positioned near the GB, we find increased current only for sufficiency large AE . This is because
the downward band bending generally increases bulk recombination, due to the associated higher
minority carrier density near the GB. To compensate for this region of increased recombination,
the charge-separating field must be sufficiency large so that the total net recombination is
reduced. To make a connection with experimental data, we take the “signal enhancement” as the
key metric — the ratio of the maximum current at a GB to the current within a grain interior.
Experimentally this value is between 5 and 6 for the GB in Fig. 1(b). There is a distribution of

this value over all GB and this particular ratio is on the high side of the distribution. For S_; =0,

we find a factor of 6 enhancement in charge collection requires a band bending of 0.21eV (see
inset of Fig. 5a).

In Fig. 5(b), we show the signal enhancement as a function of both the band bending and
GB recombination velocity. As the GB recombination velocity increases, the required band
bending for signal enhancement also increases. This is again due to the need for a larger field and
more charge separation to compensate for increased recombination. There is a set of values of

AE and S;; that result in simulated EBIC signals that are consistent with the experiment —
shown in the dashed white line of Fig. 5(b). We cannot ascertain which parameter set of

(AE, SGB) is the most appropriate for our sample. However, the required band bending for signal

enhancement is an increasing function of S, . We can therefore put a lower bound onAE, as

shown in Fig. 5, and we find that AE must exceed 0.2 eV. We note that the similar estimate of
the band bending at GBs (although less constrained due local inhomogeneity) can be obtained

from the cross-sectional data comparing EBIC profiles at p-n junction and GBs. We therefore
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conclude that the use of this technique can offer an informative way to probe the properties of
grain boundaries, and a lower bound to the band bending near the GB of 0.2 eV can be assigned.

We finally turn to the application of an external bias in the EBIC experimental geometry,
which would provide key insights into the role of grain boundaries in the overall device
efficiency. The grain boundaries as current collectors enhance Js, but at the same time as
recombination centers can reduce the V,. due to the increase in dark recombination current..
Given that the detrimental impact of grain boundaries may be mostly manifest at a nonzero
applied voltage, it seems critical to probe their properties in this regime. Six injection spots
corresponding to grain boundaries (GBs) and grain interiors (Gls) are selected in three different
regions across the p-CdTe absorber, as shown in Fig. 2(c). In all cases, the n-CdS is grounded
and voltage is applied to the metal contact to p-CdTe. A higher short-circuit current (Vapp = 0) is
measured when the beam is injected in the vicinity of the GB as compared to the Gl for each
region investigated, further illustrating that GBs act as channels for current flow rather than
minority carrier recombination sinks. We also find that the voltage at zero current V) increases
as local I increases regardless of the specific location (i.e., GB vs. Gl).

For this geometry, the length scale of the contacts is two to four times larger than the
absorber thickness, so that Vi is a non-local property which cannot be ascribed to a specific
grain boundary. This is because in the simplest approximation V.. can be associated with the
voltage at which the dark current in forward bias cancels the EBIC current. The value of this
dark current depends on the material properties of the entire region (as well as the various
contact interfaces) through which current flows, which will include many grain boundaries, and

regions of grain interior. To introduce the notion of a local V., we experimentally restrict the

Y Voo = V1 In(Is/15). Vo is open-circuit voltage, Vr is thermal voltage, | is short-circuit current, and |, is dark
current.
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volume through which the injected current flows. This is accomplished with a contact on the p-
type layer surface with a size smaller than the absorber thickness.

To realize this geometry experimentally, we fabricate a 500 nm-thick Pt contact (=1 um X
1 pm) on top of a single grain on p-CdTe using electron beam induced deposition in a FIB
system. I-Vs collected under local carrier excitation at 3 kV at GBs and Gls near the nano-probe
are shown in Fig. 6, along with an EBIC image displaying similar contrast to that shown in Fig 1.
As observed in the cross-sectional local I-Vs, the local Vo increases as local | increases: we find
local Voc =0.15 V and ~0.25 V at Gls and GBs, respectively. These low values of local V. are
mainly due to the reduced local Is; obtained with the nanocontact as compared to the large-area
contact in a full PV operation

Modeling a point-contact geometry demonstrates that most of the injected current is
confined to a region below the contact, and that the current spreading scales as the layer
thickness. However, even if the contact is positioned away from a GB, the nearest grain
boundary carries a large portion of the dark current (see Fig. 3(d)) introducing an effective non-
locality into the measurements even in the case of the nanocontact geometry. The simulation also
illustrate that the GBs are a major pathway for the overall leakage current. However, the present
measurement set is not yet sufficiently constrained to accurately quantify the impact of the GBs

on the V.

5. Conclusions
In summary, we use low energy EBIC to probe carrier recombination in a polycrystalline
p-CdTe / n-CdS solar cell with the spatial resolution required to assess the material

inhomogeneity. Plan-view and cross-sectional EBIC images show that a large fraction of grain
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boundaries display higher current collection as compared to grain interiors. We measure local |-
Vs using nanocontacts, which demonstrates that the local V. approximately tracks with the local
Isc for excitation both at the grain boundary and at the grain interior. Further studies to elucidate
the specific structure and chemical composition of the grain boundaries as 3D minority carrier
collectors would provide essential information to enhance PV performance in CdTe based solar

cells.
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Figures

Fig. 1. (@) SEM image of a CdTe / CdS solar cell where a tungsten probe tip is placed on a native
metal contact (=5 um x 10 um). (b) Corresponding EBIC image with an acceleration voltage of
5 kV and a beam current (I) of 300 pA. We estimate the generation volume to be ~(115 nm)? at
this excitation condition [9]. (c) EBIC linescan across adjacent two grains, showing a peak
current (=6 nA) at GBs and a valley current (=1 nA) at the center of GIs, respectivelyz.
Extrapolated characteristic lengths (L¢) are in a range of <100 nm to =800 nm. A representative

curve fit (red solid line) shows L. of 374 nm £ 19 nm.

nanoprobe

Distance (um)

% The EBIC current corresponds with the negative current produced by the minority carrier (electrons). The polarity
of the EBIC current was inverted in this image for convenience.
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Fig. 2. Cross-sectional (a) SEM and (b) 5 kV EBIC images, showing bright current contrast in
the vicinity of p-n junction and the GBs. (c) I-V curves under local carrier generation at Gls (1, 3,
5) and GBs (2, 4, 6). In all cases n-CdS was grounded and voltage was applied to the metal

contact of p-CdTe. Uncertainty due to the electrical background noise signal is =200 pA (one

standard deviation).
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Fig. 3. (a) Geometry for the cross-sectional EBIC simulation. The black arrow shows the

position of EBIC excitation, which is scanned in the simulation. The color indicates equilibrium

electrostatic potential. (b) Geometry for the top-down EBIC simulation. The GB band bending is

0.26 eV for this case, and color is again the equilibrium electrostatic potential. (c) EBIC spatial

distribution in the top-down case at zero applied voltage. The black arrow indicates the

excitation point. (d) The forward dark current at V.. A large portion of the current is carried by

the center of the GB.
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Fig. 4. Simulated and analytical models of spatial dependence of EBIC signal for n-CdS / p-
CdTe heterojunction, for different beam energies. For low energies, there is a discrepancy near
the edge of depletion region, which is located at 1.1 um. The inset shows simulated internal
quantum efficiency corresponding to a maximum of EBIC signal for hypothetical p-n junction,
as a function of band bending AE, for fixed beam energy of 5 keV. The analytic curve shown is
calculated from the convolution of the generation profile with Eq. (20) of Ref. [25], which for

these parameters is nearly identical to the more complicated Eq. (A14) of Ref. [22].
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Fig. 5 (a) Simulated EBIC signal in top-down geometry for a GB with no extra recombination,
for a set of AE values. The inset shows the “signal enhancement”: the internal quantum
efficiency (IQE) at the GB, normalized by its value at a remote grain interior, for AE =0.21.
There is an enhancement at the GB of a factor of ~6, consistent with experimental results (b) The
signal enhancement for a range of AE and S,;. The white dashed line shows the region of GB

parameter space for which there is signal enhancement of 6.

(a) Seg =0
I = —— AE=0.25
0.25] AE=0.21 o
0.2t ® 4| [ —0.21
Tl g2\ —0.20
G 0.15[ & —o.18
0.16
0.1]
0.05]
2 3 4 5

excitation position [um]

Signal enhancement

15

0.18 02 022 024
AE

17



Fig. 6. Local 1-V characteristics with a nanocontact under a local carrier generation at Gls (1, 2)

and GBs (3, 4). The inset shows an EBIC image of the device (3 kV, I, = 270 pA; scale bar: 1

Hm)
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