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We conducted T ¼ 6 K cathodoluminescence (CL) spectrum imaging with a nanoscale electron

beam on beveled surfaces of CdTe thin films at the critical stages of standard CdTe solar cell

fabrication. We find that the through-thickness CL total intensity profiles are consistent with a

reduction in grain-boundary recombination due to the CdCl2 treatment. The color-coded CL maps

of the near-band-edge transitions indicate significant variations in the defect recombination activity

at the micron and sub-micron scales within grains, from grain to grain, throughout the film depth,

and between films with different processing histories. We estimated the grain-interior sulfur-alloy-

ing fraction in the interdiffused CdTe/CdS region of the CdCl2-treated films from a sample of

35 grains and found that it is not strongly correlated with CL intensity. A kinetic rate-equation

model was used to simulate grain-boundary (GB) and grain-interior CL spectra. Simulations indi-

cate that the large reduction in the exciton band intensity and relatively small decrease in the

lower-energy band intensity at CdTe GBs or dislocations can be explained by an enhanced

electron-hole non-radiative recombination rate at the deep GB or dislocation defects. Simulations

also show that higher GB concentrations of donors and/or acceptors can increase the lower-energy

band intensity, while slightly decreasing the exciton band intensity. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962286]

I. INTRODUCTION

CdTe thin-film solar cell efficiencies are now competing

directly with multicrystalline silicon (mc-Si) efficiencies at

both the cell and module levels.1,2 Further improvements can

help CdTe solar technology to reach a levelized cost of elec-

tricity that is less than the conventional energy sources.3 Yet,

our inability to characterize and quantify the complex non-

uniformities in composition, recombination, and defect

chemistry in these microcrystalline layers continues to slow

progress and encourage empiricism in the place of detailed

understanding. Here, we report on high-resolution cathodolu-

minescence (CL) spectrum imaging with a nanoscale elec-

tron beam on beveled surfaces of CdTe thin films at the

different stages of CdTe device fabrication to examine how

the material properties fluctuate and can be characterized

with this technique.

The interpretation of CL spectrum imaging data and the

potential for this technique as a root-cause diagnostic tool

for CdTe solar cells are underexplored. CL spectrum imag-

ing combines the CL imaging and spectroscopy modes to

provide a luminescence spectrum at each pixel in a scanning

electron microscope (SEM) image.4–6 Recently, this tech-

nique was applied on the back surfaces of CdTe thin films

before and after the CdCl2 treatment7–9 and on a CdTe

device cross-section.10 In this work, we conduct CL spec-

trum imaging on beveled surfaces of CdTe films, which

allows for a more in-depth examination of the small grains

near the interdiffused CdTe/CdS interface than was achieved

in the cross-sectional study.10 A bevel etching technique,

producing <1� bevels with a large surface area, has previ-

ously allowed depth-dependent photoluminescence (PL)

measurements on CdTe/CdS solar cells.11 Here, we use a

focused ion beam (FIB) to mill 20� bevels, which have less

surface area and are better suited for high-pixel-density CL

maps. We compare results on CdTe films after deposition,

the CdCl2 treatment, and back-contact formation including

Cu insertion. We analyze the through-thickness total CL

intensity profiles for the films, which show differences that

are probably due to the effects of non-radiative grain-bound-

ary (GB) recombination, grain size, and GB passivation.

The color-coded CL maps are used to identify and analyze

non-uniformities in composition, recombination, and defect

chemistry. Furthermore, a low-temperature luminescence

model is developed to help interpret differences between GB

and grain-interior (GI) spectra.

II. EXPERIMENTAL

We analyzed CdTe films after typical stages in the fabri-

cation of standard CdTe devices—i.e., after CdTe deposi-

tion, CdCl2 treatment, and back-contact formation, including

Cu insertion.12,13 The corresponding thin-film structures and

the sample names are listed in Table I. The Cu treatment dif-

fused Cu into the CdTe layer during deposition of the

ZnTe:Cu back contact at an elevated temperature. The CdTe

thickness ranged from 3 to 4.1 lm. The deposition methods,

times, temperatures, and other processing details for the sam-

ples can be found in Refs. 14 and 15.

The bevel-CL configuration used in this study is shown

schematically in Fig. 1. This configuration eliminates the
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severe electron-beam charging that we have observed with

the cross-sectional configuration and effectively extends

the cross-sectional area by a factor of 1= sin 20� � 3. Bevels

were milled through the CdTe layer with a Gaþ focused ion

beam (FIB) (xT Nova NanoLab 200 FIB/SEM made by FEI

Company). Prior to milling, a �1-lm-thick layer of Pt was

deposited to even out the top surface roughness and to pro-

tect the final analysis area from stray ions. The samples were

tilted to form a 20� angle between the ion beam and the film

surfaces. A 30-kV ion beam carved out the initial bevel

shape, and a 5-kV beam created the final beveled surface to

reduce surface damage. We expect the primary effects of

residual FIB surface damage on the CL measurements to be

an increased non-radiative surface recombination and a

decreased radiative efficiency.

CL spectrum imaging was performed in a JEOL 7600F

Schottky Field-Emission SEM with a Horiba H-CLUE CL

system. Samples were cryogenically cooled in the SEM on a

Gatan CF302 continuous-flow liquid-helium cold stage to a

nominal temperature of 6 K. The SEM beam conditions were

5-kV accelerating voltage and about 1-nA current. With this

electron-beam voltage, 60% of the carriers were generated

within a �100-nm depth below the surface and within a

�100-nm lateral range. (These values were determined by

Monte Carlo electron energy-loss simulations using the

CASINO software.16) The H-CLUE CL system uses a para-

bolic light-collection mirror and an iHR320 spectrometer

equipped with a Syncerity thermoelectrically cooled charge-

coupled device (CCD) detector (1024� 256 pixels). The

spectrum acquisition time was 5 ms, and the spectral resolu-

tion (or bandpass of the spectrograph) was estimated to

be 8.5 meV at photon energy of 1.5 eV (given the 1-mm

entrance slit width, 318.719-mm focal length, and dispersion

by a grating with 600 gr/mm). Spectra shown are uncorrected

for the spectral response of the CL system.

III. RESULTS AND DISCUSSION

Figure 2 shows the CL images (or maps) acquired on the

beveled surfaces for the as-deposited, CdCl2-treated, and

(CdCl2þCu)-treated samples along the top [(a) and (d)], mid-

dle [(b) and (e)], and bottom [(c) and (f)] rows, respectively.

In the images, the back of the CdTe layer is at the top, and the

CdTe/CdS interface is at the bottom. The white scale bar at

the bottom right of each image is 0.5 lm, and the image

widths are 20 to 25 lm. The left column [Figs. 2(a)–2(c)]

shows the total CL intensity images integrated over the

1.386–1.610 eV near-band-edge spectral range at a low tem-

perature (Eg ¼ 1:606 eV at 5 K (Ref. 17)). After subtracting

the background signal, the intensity in each image is normal-

ized to the maximum intensity in that image (i.e., normaliza-

tion is not universal across the images). In CL spectrum

imaging, we collect a spectrum per pixel in an SEM image,

which yields a 4-dimensional data space for each bevel area.

The red-green-blue (RGB)-composite maps can be used to

display the spectral features in two dimensions, as shown in

the right column [Figs. 2(d)–2(f)]. To make the maps, the

spectral range is first divided into three sub-ranges—

1.386–1.500 eV, 1.500–1.575 eV, and 1.575–1.610 eV—that

are assigned red, green, and blue colors, respectively. Each

spectrum is normalized to the maximum intensity, and then,

the total counts in each sub-range are normalized to the 0–255

red-green-blue color code. Sub-range energies were chosen to

identify regions with primarily excitonic emission (blue),

shallow defect emission (green), or donor-acceptor-pair

(DAP) and electron-to-acceptor (eA0) emission associated

with deeper acceptors (red).

The intensities of the near-band-edge transitions in low-

temperature luminescence spectra depend on the rates of com-

peting charge-carrier capture and recombination processes

occurring at defects.18–20 The pixel color in Fig. 2 RGB-

composite maps is impacted by the local concentrations

of various shallow and deep defects, as well as a composi-

tional change near the interdiffused CdTe/CdS interface due

to bandgap bowing. A remarkable degree of color non-

uniformity can be seen within grains, from grain to grain,

through the thickness of films, and between samples with dif-

ferent processing histories. The features in the top half of the

RGB-composite maps for the as-deposited and CdCl2-treated

samples [Figs. 2(d) and 2(e)] are very similar to the back-

surface features that we have reported in Ref. 8. Briefly, the

mostly blue color for the as-deposited sample indicates that

the exciton recombination dominates within most of the GIs.

Once CdCl2 is introduced, the green color indicates relatively

high concentrations of a shallow defect (with �45-meV ioni-

zation energy21), which is believed to be a chlorine-cadmium

vacancy (acceptor-like) complex.21–23 Further details are dis-

cussed in Ref. 8. Here, we focus on: (1) changes in the CL

total-intensity profiles resulting from the CdCl2 and Cu treat-

ments, (2) grain-to-grain spectral shifts near the interdiffused

CdTe/CdS interface, and (3) GB vs. GI spectra, using the

(CdCl2þCu)-treated sample as an example.

FIG. 1. An illustration of the bevel-CL configuration used in this study. The

relative thicknesses of the layers are not to scale. The 20� bevels were pre-

pared using a focused ion beam. Note that only the (CdCl2þCu)-treated

sample had the ZnTe:Cu/Ti top layer.

TABLE I. Structures of the samples and their assigned names.

Thin-film stack structure Sample name

Glass/fluorine-doped SnO2(FTO)/SnO2(TO)/

CdS/CdTe

As-deposited

Glass/FTO/TO/CdS/CdTeþCdCl2 treatment CdCl2-treated

Glass/FTO/TO/CdS/CdTeþCdCl2 treatment/

ZnTe:Cu(2%)/Ti (metallization)

(CdCl2þCu)-treated

105704-2 Moseley et al. J. Appl. Phys. 120, 105704 (2016)



A. Total CL intensity images and profiles

Figure 3 is a total CL intensity profile plot for the three

samples, averaged over the entire image width in the left

column of Fig. 2. The abscissa corresponds to the approxi-

mate distance normal to the film thickness (i.e., the up-

down distance in the image multiplied by sin 20�), and the

intensity is normalized for each sample. Prior to the CdCl2

treatment, the intensity gradually increases from the CdTe/

CdS interface into the CdTe layer for about 70% (�2.5 lm/

3.5 lm) of the total layer thickness. After the CdCl2 treat-

ment, the intensity increases much more rapidly at the

front of the CdTe and is more uniform through the CdTe

layer.

The more gradual increase in CL intensity away from

the CdTe/CdS interface for the as-deposited sample is proba-

bly due to the effects of non-radiative GB recombination,

grain size, and GB passivation. GBs are darker than the GIs

in the total CL intensity images [Figs. 2(a)–2(c)], especially

for the as-deposited sample. This is most likely because dan-

gling, distorted, or wrong bonds at GBs create high concen-

trations of deep levels that are non-radiative recombination

centers.24 For the as-deposited sample, the average grain size

can be seen to increase gradually from about 0.5 lm in diam-

eter near the CdTe/CdS interface to a couple of microns at

the back of the CdTe. Thus, the as-deposited CL intensity

profile exhibits an intensity increase with the increasing

grain size and decreasing GB density, which we can expect

for unpassivated GBs. The more square CL intensity profiles

for the CdCl2- and (CdCl2þCu)-treated samples support the

conclusion that the CdCl2 treatment passivates a significant

fraction of the GB deep levels.25

FIG. 2. The total CL intensity images in

the left column [(a)–(c)] and the RGB-

composite maps in the right column

[(d)–(f)]. The top, middle, and bottom

rows correspond to the as-deposited,

CdCl2-treated, and (CdCl2þCu)-treated

samples, respectively. The back of the

CdTe layer is at the top, and the CdTe/

CdS interface is at the bottom of each

image. In the total CL intensity images,

the intensity is normalized for each sam-

ple on a linear scale. The color bar

above the RGB-composite maps indi-

cates the dominant spectral range of the

emission at each location.

FIG. 3. The total CL intensity profiles plotted from the CdTe/CdS interface

(located at about 0 lm) to the back of the CdTe for the as-deposited, CdCl2-

treated, and (CdCl2þCu)-treated samples. These profiles are extracted from

the grayscale CL images in Fig. 2.

105704-3 Moseley et al. J. Appl. Phys. 120, 105704 (2016)



B. RGB-composite maps

Here, we consider the RGB-composite maps in the right

column of Fig. 2. One can see that the features near the

CdTe/CdS interface are qualitatively similar for the CdCl2-

and (CdCl2þCu)-treated samples [Figs. 2(e) and 2(f),

respectively]. Perhaps the most striking features are the small

green circles—each of which is a small grain. These grains

have a darker-green GI color and a lighter-green GB color.

In Fig. 4, we show a zoomed-in image of the small area

outlined with a dotted white line in the bottom-left corner of

the (CdCl2þCu) RGB-composite map [Fig. 2(f)]. The white

scale bar in the zoomed-in image is 0.5 lm. Figure 4 plots

the average spectrum for the dark-green pixels in the centers

of two neighboring grains, labeled 1 and 2 in the image, and

the spectrum at a light-green GB pixel between the grains

(GB 1–2). (As a visual aid, the line color of each spectrum

has been matched to its corresponding pixel color.) A single

peak can be observed in the spectrum for each grain, whereas

a double peak is observed in the GB spectrum. The GB peaks

occur at about the same energies as those for the grains—

1.534 eV for grain 1 and 1.556 eV for grain 2—but they have

lower intensities. Importantly, this is a general trend for the
grains and GBs with a similar appearance (i.e., the “green
grains”) in the RGB-composite maps. Also, for these grains,

we observe a less peak-energy variation within a grain than

from one grain to the next. This indicates that for carrier

excitation in one of these GIs, a relatively small fraction of

the total carriers diffuses and recombines radiatively in the

neighboring grains; the majority of the CL signal is localized

within the excited grain. We see signal from the adjoining

grains only when exciting at a GB pixel, where the genera-

tion volume overlaps both the GIs.

It should be noted that the peak energies for grain 1 and

grain 2 are considerably lower than those for excitonic tran-

sitions in “pure” CdTe at low temperature, which are located

at 1.58–1.60 eV. It is well known that interdiffusion of CdTe

and CdS can lead to CdSxTe1–x alloying. The bandgap of the

resultant alloy, EgðCdSxTe1�xÞ, bows downward from the

bandgaps of CdTe (EgðCdTeÞ) and CdS (EgðCdSÞ) according

to the quadratic equation

EgðCdSxTe1�xÞ ¼ kx2 þ ½EgðCdSÞ � EgðCdTeÞ � k�x
þ EgðCdTeÞ; (1)

where k is the bowing parameter and x is the fraction of

anion sites occupied by S.11,26,27 In a low-temperature photo-

luminescence (PL) investigation of the CdTe/CdS interdiffu-

sion and CdSxTe1�x alloying, Potter et al.11 used Eq. (1) to

estimate the x values from the PL peak energies. Their

assumption was that the redshifts in peak energy relative to

the CdTe exciton band peak energy were due entirely to the

Te-rich CdSxTe1�x alloy formation. Using this approach,

with the exciton band peak energy at the back of the CdTe in

the (CdCl2þCu)-sample as the low-temperature CdTe

bandgap, EgðCdTeÞ � 1:591 eV, and employing literature

values of k ¼ 1:828 and EgðCdSÞ ¼ 2:50 eV,29 we estimate

x ¼ 0:075 for grain 1 and x ¼ 0:043 for grain 2 in Fig. 4.

This analysis suggests that the S concentration in adjacent
grains in the interdiffused CdTe/CdS region can differ by a

factor of 1.5–2.

The peak energy variation for the green grains can be

seen in Fig. 5. Figure 5(a) shows the (CdCl2þCu) RGB-

composite map [Fig. 2(f)] near the CdTe/CdS interface, and

Fig. 5(b) shows a grayscale map of the same area indicating

the peak photon energy over the 1.500–1.560 eV range.

Figure 5(c) plots the peak CL intensity vs. peak energy for

35 of the grains in Figs. 5(a) and 5(b). The peak energies are

determined from the average spectrum in the GIs. The top

axis corresponds to the estimated S alloying fraction (i.e., x
in CdSxTe1�x) based on the peak energy. Aggregate studies

have indicated that S diffusion during the CdCl2 treatment

can reduce recombination;30–32 so, it is possible that the S

diffusion fluctuations can be correlated with the lifetime and

other material properties. However, this plot shows for the

first time—for a fairly large sample of grains near the inter-

diffused CdTe/CdS interface—that there is no significant

correlation between the GI CL intensity and the S alloying

fraction. We estimate that x ¼ 0:080 on average within the

GIs, with a standard deviation of x ¼ 0:021. The average

value equates to an S concentration of 4.0 at. %, which

agrees well with GI concentrations determined from the

recent atom-probe tomography data for three grains near the

CdTe/CdS interface (in a sample with similar processing to

the one examined here): �5, �4, and �3 at. %.33

The RGB-composite maps in Fig. 2 illustrate interesting

trends near the back of the CdTe. Comparing the pixel color

in the maps across the samples, there is a progressive redshift

in the dominant spectral sub-range after the CdCl2 and Cu

treatments. In Ref. 8, we analyzed changes occurring in the

RGB-composite maps in the back surface CL as a result of

the CdCl2 treatment. In this work, we analyze the bright-red

lines near the back of the CdTe in the RGB-composite map

for the (CdCl2þCu)-treated sample, which are clearly GB

signatures induced by the Cu treatment.

In Fig. 6, we show a zoomed-in image of the small area

outlined with the dotted white line in the top-right corner of

FIG. 4. Zoomed-in image of the small area delineated with a dotted white

line in the bottom-left corner of the (CdCl2þCu) RGB-composite map [Fig.

2(f)] and plots of the spectra within grains 1 and 2 and at the GB pixel

between them (GB 1–2). The white scale bar in the image is 0.5 lm.

105704-4 Moseley et al. J. Appl. Phys. 120, 105704 (2016)



the (CdCl2þCu) RGB-composite map [Fig. 2(f)]. The GB and

GI spectra for this area are also plotted in Fig. 6. The spectra

are averages within the white boxes in the image, and the inten-

sities have been normalized to the GI maximum. Two “bands”

can be identified in the spectra: one in the 1.575–1.61 eV

energy range and a relatively broad lower-energy band with a

maximum at �1.43 eV. The higher-energy band is due to exci-

ton transitions, and the lower-energy band is believed to be due

to donor-acceptor-pair (DAP) transitions and electron-to-accep-

tor (eA0) transitions involving CuCd acceptors with a defect

activation energy of about 100–120 meV.34,35 Note that the

DAP and eA0 transitions and their associated phonon replica

are overlapping and not resolvable in Fig. 6.

In the Fig. 6 spectra, the exciton band intensity is signifi-

cantly reduced at the GB relative to the GI (GB intensity/GI

intensity is about 0.50 at peak), whereas the lower-energy

band intensity increases to some extent. For the GIs and GBs

in Fig. 2(f) with a similar appearance to those in Fig. 6, we

have found that the exciton band intensity is always signifi-

cantly reduced at the GB relative to the GI. The lower-energy

band intensity may increase at the GB, as in Fig. 6, or

decrease, but the relative decrease is generally less than that

for the exciton band. Other authors have remarked on similar

trends occurring at the GBs in the CdTe thin films36 and dislo-

cations in epitaxially grown single-crystal CdTe films37 in CL

or micro-photoluminescence studies conducted at liquid-

nitrogen temperature. It has been proposed that exciton

recombination becomes non-radiative at the GBs or disloca-

tions. However, exciton non-radiative recombination seems

improbable given that the excitons recombine with energy

almost equal to the bandgap. In Section III C, we describe a

low-temperature luminescence model that provides an alter-

native explanation for the significant decrease in the exciton

band intensity at GBs and dislocations in CdTe and accounts

for the less significant intensity decrease for the lower-energy

band. Simulated spectra also confirm the more obvious con-

clusion that, when the intensity of the lower-energy band is

increased at a GB, as in Fig. 6, higher GB concentrations of

(radiative) donor and/or acceptor defects are likely.

C. Low-temperature luminescence model
and spectrum simulations

The low-temperature luminescence model described here

is based on the rate-equation models developed by Schmidt

et al.18 and Reshchikov et al.19,20 As depicted in Fig. 7 energy-

band schematic, a number of carrier capture and recombination

processes are possible during a low-temperature luminescence

experiment. The rate of each process can be determined by

solving a system of kinetic rate equations, which accounts for

all of the processes occurring in parallel.

Radiative and non-radiative processes are considered at

three types of defects: shallow donor, shallow acceptor, and

(donor-like) deep defects. The recombination events occur-

ring at the shallow donors and acceptors are assumed to be

only radiative, and recombination at deep defects is taken to

be only non-radiative. Prior to recombination events, car-

riers—electrons, holes, and excitons—must become trapped

or bound at the defects (except in the case of free-exciton

FIG. 5. (a) (CdCl2þCu) RGB-composite map [Fig. 2(f)] near the CdTe/CdS interface and (b) grayscale map of the same area indicating the peak photon

energy over the 1.500–1.560 eV range. (c) The peak CL intensity vs. peak energy for 35 of the grains in (a) and (b). The top axis corresponds to the estimated x
in CdSxTe1�x using Eq. (1); note that the scale is only approximately linear over this compositional range.

FIG. 6. Zoomed-in image of the small area delineated with the dotted white

line in the top-right corner of the (CdCl2þCu) RGB-composite map [Fig.

2(f)] and plots of the GB and GI CL spectra normalized to the maximum GI

intensity. The (solid) white scale bar in the image is 0.5 lm.

105704-5 Moseley et al. J. Appl. Phys. 120, 105704 (2016)



recombination). Trapping is a non-radiative carrier capture

process, which, in terms of Fig. 7 band diagram, involves the

transition by a carrier from the conduction or valence band

to a defect level.

The non-radiative processes are illustrated on the left

side of Fig. 7. In process A, an ionized donor (Dþ) captures

a free electron in the conduction band to form a neutral

donor (D0). Likewise, in process B, an ionized acceptor

(A–) captures a free hole in the valence band to form a neu-

tral acceptor (A0). A positively charged deep defect (DDþ)

can also capture a free electron to form a neutral level

(DD0) in process C. In process D, a neutral deep defect cap-

tures a free hole, resulting in non-radiative recombination

(and restoring the positive charge on the deep defect). We

assume that excess carriers are initially generated as elec-

trons and holes, which can thereafter bind to form free exci-

tons in process E. A donor or acceptor bound exciton is

formed when a free exciton is captured by a neutral donor

or neutral acceptor in processes F and G, respectively. Non-

radiative processes E–G are not shown in Fig. 7. As in the

model by Schmidt et al.,18 we neglect the inverse capture

processes (i.e., thermal reemission) as well as the free-

exciton dissociation.

Possible radiative transitions are shown on the right

side of Fig. 7. Process H involves transitions between

acceptor-bound holes and donor-bound electrons (or DAP

transitions); process I involves transitions between free

electrons and acceptor-bound holes (or eA0 transitions); and

processes J–L involve free- and bound-exciton transitions.

Note that transitions involving the bound carriers return the

defects to their unbound state. For example, a DAP transi-

tion leaves both the donor and acceptor in the ionized state

(i.e., Dþ and A–) such that the defects can capture the car-

riers again.

The rate of each process is taken to be proportional to

the concentrations of the carriers and/or defects involved

and a characteristic rate constant or a lifetime in the case of

exciton radiative recombination.18–20 For example, the rate

of radiative eA0 transitions is CnAN0
An—where CnA is the

eA0 transition rate constant (process I). Thus, the rates of

processes A–L are described by the following system of

equations:

@n

@t
¼ G� CXnp� CnDNþD n� CnAN0

An� CnDDNþDDn ¼ 0;

(2)

@p

@t
¼ G� CXnp� CpAN�A p� CpDDN0

DDp ¼ 0; (3)

@nX

@t
¼ CXnp� nX

sX
� CDXN0

DnX � CAXN0
AnX ¼ 0; (4)

@NDX

@t
¼ CDXN0

DnX �
NDX

sDX
¼ 0; (5)

@NAX

@t
¼ CAXN0

AnX �
NAX

sAX
¼ 0; (6)

@N0
DD

@t
¼ CnDDNþDDn� CpDDN0

DDp ¼ 0; (7)

@N0
D

@t
¼ CnDNþD nþ NDX

sDX
� CDXN0

DnX � CDAN0
DN0

A ¼ 0; (8)

@N0
A

@t
¼CpAN�A pþNAX

sAX
�CAXN0

AnX�CnAN0
An�CDAN0

DN0
A¼0;

(9)

pþ NþD þ NþDD ¼ nþ N�A : (10)

Listed in respective order: G is the electron-beam generation

rate of electrons and holes [cm�3 s�1]; n, p, and nX are the

free electron, hole, and exciton concentrations [cm�3],

respectively; NþD ðN0
DÞ, N�A ðN0

AÞ, and NþDDðN0
DDÞ are the ion-

ized (neutral) donor, acceptor, and deep defect concentra-

tions, respectively; NDX and NAX are the donor- and

acceptor-bound exciton concentrations, respectively; the rate

constants for processes A–I are CnD, CpA, CnDD, CpDD, CX,

CDX, CAX, CDA, and CnA [cm3 s�1], respectively; and the life-

times for processes J–L are sX, sDX, and sAX [s�1], respec-

tively. Equations (2)–(9) reflect the fact that, in steady state,

there is no change in the carrier or defect concentrations.

The last equation (Eq. (10)) ensures that the system is charge

neutral.

Using reasonable values for the rate constants and life-

times, we numerically solve Eqs. (2)–(10) to obtain the radia-

tive transition rates.20 The only independent variables are ND,

NA, and NDD, which are the total concentrations of donors,

acceptors, and deep defects, respectively (e.g., ND ¼ NþD
þN0

D). As a check on the solutions of Eqs. (2)–(10), we verify

that the total recombination rate equals the total generation

rate (steady state). The spectra can be simulated if the lumi-

nescence lineshapes are known. We assume that the analytical

form of the lineshapes is given by the product of a Poisson

distribution and a Gaussian function (see, for example, Ref.

38, Eq. (A4)).

Figure 8 shows the simulated GI and GB spectra, normal-

ized to the GI maximum intensity. For the GI spectrum, val-

ues of ND ¼ 2� 1016, NA ¼ 7� 1016, and NDD ¼ 1� 1018

cm�3 were chosen to match the qualitative characteristics of

the experimental GI spectrum in Fig. 6. (Note that the genera-

tion volume size, carrier diffusion, and surface recombination

are not explicitly accounted for in the model; so, these con-

centrations are necessarily “effective” values.) To simulate

FIG. 7. A schematic band diagram of the non-radiative and radiative pro-

cesses in the low-temperature luminescence model described in the text. EC,

EV, and EG are the conduction, valence, and bandgap energies, respectively.

Processes E–G are not shown in the diagram.
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the GB spectra, we coarsely adjust ND, NA, and NDD from the

GI values, holding the other parameters (rate constants, life-

times, and lineshape) constant (see Fig. 8 caption). While the

simulation results are sensitive to the choice of parameter val-

ues, we find that the trends discussed below are valid over a

broad range of values.

In GB spectrum 1 (GB1), the concentration of deep

defects is increased to NDD ¼ 1:5� 1018 cm�3, or 1:5� the

GI value, which gives a GB exciton band peak intensity that

is about half the GI intensity, as observed in Fig. 6 experi-

mental spectra. The non-radiative recombination rate at deep

defects is proportional to N0
DD. Thus, according to the simu-

lations, the significant reduction in the exciton band intensity

observed at GBs and dislocations can be explained by

enhanced electron-hole non-radiative recombination at deep

defects, which have higher concentrations at GBs and dislo-

cations. In other words, the model can describe the decrease

in the exciton band intensity observed in Fig. 6 and in other

studies36,37—without having to invoke the existence of a

non-radiative exciton recombination. Consistent with the

experimental spectra, GB spectrum 1 shows that deep-defect

recombination has a greater relative impact on the intensity

of the exciton transitions than the lower-energy transitions.

In GB spectrum 2 (GB2), NDD ¼ 1:5� 1018 cm�3 (as

with GB1), and the donor concentration is increased 2�
above the GI value to (roughly) match the intensity of the

lower-energy transitions in Fig. 6 GB spectrum; alternatively,

the acceptor concentration can be increased to achieve about

the same result due to the overlap between the DAP and eA0

transitions and their associated phonon replica. However, an

increased concentration of GB donors is consistent with GB

depletion, which has been determined by scanning-probe

microscopy measurements on CdTe thin films at different

stages in solar cell processing.39–41 Interestingly, increasing

the donor concentration has also caused a slight decrease in

the exciton band intensity (compare GB1 and GB2), which is

an unexpected consequence of the competing luminescence

processes. As discussed earlier, for the GIs and GBs in Fig.

2(f) with a similar appearance to those in the Fig. 6, the

lower-energy band intensity may increase at the GB, as in

Fig. 6, or decrease. The results in Fig. 8 confirm the more

obvious conclusion that, when the intensity of the lower-

energy band is increased at a GB, higher GB concentrations

of (radiative) donor and/or acceptor defects are likely.

IV. SUMMARY

We presented the high-resolution cathodoluminescence

(CL) spectrum imaging results on beveled surfaces of CdTe

thin films at the critical stages of standard solar cell device

fabrication. We found that the through-thickness total CL

intensity profiles are consistent with a reduction in grain-

boundary (GB) recombination due to the CdCl2 treatment.

The color-coded CL maps revealed variations in the recom-

bination activity of defects on the micron and sub-micron

scales. Significant variations are apparent in the maps within

grains, from grain to grain, through the thickness of films,

and between films with different processing histories. The

grain-to-grain sulfur-alloying fraction in the interdiffused

CdTe/CdS region of a CdCl2-treated film was estimated

from a sample of 35 grains. Although previous studies indi-

cate that S diffusion during the CdCl2 treatment reduces

recombination, our results suggest that the grain-interior CL

intensity is uncorrelated with the sulfur-alloying fraction.

We described a low-temperature luminescence model in

which rate equations are used to account for competing car-

rier capture and recombination processes. Simulations of

spectra indicate that the large reduction in the exciton band

intensity and relatively small decrease in the lower-energy

band intensity at CdTe GBs or dislocations can be explained

by an enhanced electron-hole non-radiative recombination

rate at deep GB or dislocation defects. Simulations also

show that higher GB concentrations of donors and/or accept-

ors can increase the lower-energy band intensity, while

slightly decreasing the exciton band intensity.

The data presented here indicate that combining high-

resolution cathodoluminescence spectrum imaging on beveled

surfaces with rate-equation modeling can enhance the ability

to characterize and quantify the complex non-uniformities in

composition, recombination, and defect chemistry in micro-

crystalline layers for opto-electronic applications.
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