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The effects of nanosecond pulsed ultraviolet laser annealing on the surface stoichiometry of close-

space sublimated polycrystalline thin films are investigated using angle-resolved x-ray photoemis-

sion spectroscopy (XPS). The raw data suggest the formation of a Cd-rich surface layer, but this is

counter to the expectation based on Cd and Te vapor pressures above CdTe that predicts a Te-rich

layer and to direct observation of elemental Te at the surface. In order to explain this apparent dis-

crepancy, we analyze our XPS data in the context of prior reports of lateral segregation of Cd and

Te at the surface after pulsed laser treatments with a simple model of angular dependent XPS in the

presence of surface roughness. This analysis reveals that a uniform Te layer cannot explain our

results. Instead, our analysis suggests that Te enrichment occurs near grain boundaries and that a

sub-monolayer Cd layer exists elsewhere. These complex yet repeatable results underscore the

challenges in measuring surface stoichiometry to high precision on films relevant for polycrystal-

line CdTe devices. It also suggests that the Cd and Te vapor pressures above grain boundaries may

differ from those above grain interiors and that ohmic contact may be made preferentially at the

grain boundaries after pulsed laser annealing. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4887079]

I. INTRODUCTION

Ultraviolet (UV) pulsed laser annealing (PLA) of CdTe

is a promising means to affect composition within a very

shallow near surface region. The characteristic depth of the

heat-affected region is the larger of
ffiffiffiffiffiffiffiffi
2Ds
p

or the optical pen-

etration depth, where D is the thermal diffusivity and s is the

laser pulse duration.1 For a 25 ns, 248 nm laser pulse incident

to CdTe the penetration depth is �10 nm. The thermal diffu-

sion length is �500 nm. However, thermally activated

kinetics (i.e., diffusion and evaporation) will be significant

only near the surface because of the extremely-high transient

temperature gradients.2 Therefore, nanosecond UV PLA will

primarily affect the free surface of CdTe, which forms the

back contact for superstrate CdTe photovoltaic devices while

minimally impacting the bulk of the film. We recently dem-

onstrated the use of PLA as a dry process for ohmic contact

formation for photovoltaic devices3 and it has also been used

in forming CdTe radiation detectors.4–7

When laser pulses of sufficient energy density are inci-

dent to a crystalline CdTe (c-CdTe) surface, it has been

shown that a Te-rich surface is formed. Evidence of this was

first presented by Brewer et al.8 using Auger electron spec-

troscopy and has since been corroborated by several

others.3,9–12 The Te-enrichment is created by exploiting the

large difference between Cd and Te vapor pressures over

CdTe that occurs at high temperatures.8,11 With the

application of an appropriate UV laser pulse, temperatures

approaching but not exceeding the melting temperature can

be reached causing preferential evaporation of Cd from the

surface.13 The first experiment to apply UV PLA to polycrys-

talline CdTe (p-CdTe) was by Nelson et al. who showed that

Te-agglomeration occurs largely at the grain boundaries (GB)

from high resolution x-ray photoelectron microscopy that

necessitated a synchrotron radiation source.12 Interestingly,

this work also found that a slight Cd enrichment occurred at

the surfaces of the grain interiors, even though the overall

effect of PLA was a Te enrichment at the surface. The un-

irradiated films showed a similar but much lower contrast

spatial distribution of surface Cd and Te. Additionally, they

used highly idealized, low surface roughness p-CdTe samples

that were grown, laser treated, and measured all without

breaking ultrahigh vacuum (UHV). Our work shows how seg-

regation of this type can affect, as well as be inferred from,

laboratory-scale XPS analysis on practical device-ready

p-CdTe.

Here, we explore the surface stoichiometry of PLA

treated p-CdTe with XPS. The raw data suggest that overall

the PLA makes the surface Cd-rich as opposed to Te-rich. At

first, this result appears to contradict our earlier observations

of elemental Te at the surface and improved ohmic contacts

following PLA.3 To understand this apparent discrepancy,

we calculated the XPS-indicated stoichiometry using a

model that incorporates the Te and Cd segregation observed

by Nelson et al. along with features of a rough surface indic-

ative to p-CdTe. The analysis shows that the stoichiometry

of p-CdTe taken from XPS is highly sensitive to segregation
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at the surface even if these overlayers only have sub-

monolayer thicknesses. The results in this article underscore

the importance of considering this effect for XPS analysis of

stoichiometry at CdTe surfaces.

II. METHODS

A. Experimental

The films used for this study were prepared by close-

space sublimation of CdTe onto alumina substrates, which is

described elsewhere.14 These films were about 5 lm in thick-

ness and are typical of those used in high quality photovol-

taic devices. Scanning electron microscopy micrographs

were obtained using a field emission FEI Quanta 600 with a

field emission gun system. Optical profilometry data were

taken on a Zygo NewView system with a 20� objective

lens. Surface roughness modification was achieved through

low-angle ion-mill etching using a Fischione Instruments

1060 SEM Mill in an Ar-filled chamber. The dual ion sour-

ces were set to 5 keV at a 1� angle to the sample surface and

etched for 25 min. Laser annealing was accomplished using

a KrF excimer laser operating at 248 nm with 25 ns pulses at

either 55 or 65 mJ/cm2. Multiple pulse treatments were per-

formed at a 10 Hz repetition rate, which gave long enough

time for heat to dissipate between pulses.

XPS experiments were carried out on a Kratos Axis

Ultra DLD system using a monochromatic Al x-ray source.

Both high and low resolution scans were performed with

pass energies of 40 eV and 160 eV, respectively. In order to

mitigate the effects of surface oxides and adventitious car-

bon on the XPS results, the following procedure was devel-

oped. First, the as-deposited sample was placed in the UHV

XPS analysis chamber where a 4 keV Ar-ion sputter etch

was applied until neither C nor O was visible in a broad

energy, low resolution scan. This etch was performed at

normal incidence to the film surface for �60 s and is not to

be confused with the low-angle ion-mill etch described for

surface roughness modification. After removing signs of C

and O, the Cd and Te atomic concentrations were quantified

and used as the pre-anneal reference. Next, the sample was

moved from the analysis chamber, via an inert atmosphere

transfer device, to an argon gas purged glove bag where it

was placed in the gas-tight laser annealing chamber. This

was to ensure that the sample did not come into contact

with ambient air and develop surface oxides. Following

laser treatment in the Ar-filled chamber, the sample was

returned to the XPS analysis chamber by reversing the pro-

cess. The Ar-ion sputtering was achieved by rastering over

a 3� 3 mm2 area whereas the spot size of the XPS measure-

ment was 300� 700 lm2. Fiduciary marks were used to

ensure that the measured spot was well within the sputtered

area before and after laser annealing so that etch crater side

wall issues were not encountered. Analysis of XPS spectra

was carried out using CasaXPS analysis software. XPS

quantification was achieved by analyzing the high resolu-

tion spectra taken with 0.1 eV step sizes. A pseudo Voigt

function of 30% Gaussian character to 70% Lorentzian

character was used to fit these data after a Shirley back-

ground subtraction.

B. Computational model

We developed a greatly simplified 2D geometric model

for the complex surface conditions that exist for p-CdTe.

The surface is assumed to be an array of triangular prisms

creating parallel ridges as seen in Fig. 1. Similar models

have been used by others to incorporate surface morphology

effects on XPS signal intensities.15–17 In 2-dimensions, the

model profile seems reasonable when compared to the sur-

face roughness cross sections (see Figs. 2(b) and 2(c)), but in

3-dimensions, this is clearly not true. The model used here

was chosen as it incorporates the salient features of our mate-

rial (faceted topology) and can readily incorporate the antici-

pated spatial segregation: Te enrichment at GB with Cd

enrichment elsewhere.12 Therefore, this model should be

effective at predicting the qualitative behaviors seen in our

measurements. Modeling techniques have been developed

for dealing with more complex geometries,18 including ran-

domly corrugated surfaces.19–22 However, these do not read-

ily allow for spatial segregation of multiple overlayers as is

necessary for our current investigation.

A diagram of our model is shown in Fig. 1. Surface

inhomogeneities are approximated by elemental Cd and Te

overlayers with Te near the GBs and Cd elsewhere. Abrupt

transitions between the Te-rich and Cd-rich regions are

assumed. The regions between successive valleys represent

one grain with GBs extending downward from the valleys.

The thicknesses of the Cd and Te layers, parameterized by

hcd and hte, respectively, are exaggerated in Fig. 1 as they are

on the order of single nanometers or less. The extent to

which the Te-rich layer extends outward from the GBs is

given by the parameter d. The grain width is dgrain and the

surface roughness is parameterized by the angle a that the

peak’s slope makes with a planar surface. The trajectory of a

photoemitted electron is described by the angle h between

the global surface normal and the ray to the detector (labeled

“DET” in Fig. 1). By defining h thusly, we are assuming that

all electrons travel in straight lines, without scattering,

towards the detector. From this diagram, it is seen that due to

surface topography even at h¼ 0, one is essentially perform-

ing angle resolved XPS on an electron photoemitted from

FIG. 1. Diagram of the model used in the study with the detector (DET)

above the film surface. See text for details and definitions.
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any point on the surface. Two types of facets are considered:

those that increasingly face the detector (A) and those that

increasingly face away from the detector as h increases from

0 (B). It is also assumed that x-ray shadowing is not signifi-

cant as the x-ray penetration depth is about an order of mag-

nitude larger than even the roughest sample studied here.22

The molar fractional Fx of a constituent atom x in a ma-

terial as determined from XPS raw data is given by23

Fx ¼
Ix

I1x
; (1)

where I1x is an atomic sensitivity factor. In our model, the

total intensity Ix of each constituent (Cd or Te) is calculated

by dividing the surfaces of A and B into i segments and

determining the intensities for each segment. These are then

summed to give a total intensity for Cd and Te. Each

segment’s contribution to the total XPS intensity, I
A=B
i;j;k , is cal-

culated as

I
A=B
i;1;k ¼ C fj;k

ðhk

0

ni;1;k exp
�z

ki cos h6að Þ

� �
dz

¼ C fj;k ki ni;1;k cos h6að Þ 1� exp
�hk

ki cos h6að Þ

� �� �
;

(2)

I
A=B
i;2;k ¼ C fj;k

ð1

hk

nCdTe exp
�z

ki cos h6að Þ

� �
dz

¼ C fj;k ki nCdTe cos h6að Þ exp
�hk

ki cos h6að Þ

� �
: (3)

FIG. 2. Topographic data from optical profilometry showing surface roughness of the as-deposited (a) and ion-mill smoothed (d) films. Plots (b) and (e) show

cross sectional data along the dashed lines in (a) and (d) for the as-deposited and smoothed samples, respectively. Cross-sectional SEM micrographs of both

films are shown in (c) and (f) with the substrate CdTe interface marked with the dashed line. A comparison of the approximate scale of the SEM micrographs

is given by the 25 lm bar in (e).
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Equations (2) and (3) extend from analyses derived for inho-

mogeneous solids with buried surface layers on flat surfa-

ces.16,22,24 Here, we have included lateral composition

variations as well. The superscript for the A or B facets

determines either addition or subtraction in the argument of

the cosine function, respectively. Equation (2), where j¼ 1,

gives the contribution from the overlayer. When k¼ 1, the

Te layer is designated and when k¼ 2 the Cd layer. Equation

(3) is the contribution to the total intensity from the subsur-

face CdTe (j¼ 2), which is assumed to be stoichiometric.

Therefore, the value of k determines the integration limit

with h1¼ hTe and h2¼ hCd. Similarly, the atomic density,

ni,j,k, is equal to nTe for j¼ k¼ 1, nCd for j¼ 1 and k¼ 2 and

nCdTe for j¼ 2 and k¼ 1,2. The parameter fj,k is the atomic

fraction of the analyzed element (either Cd or Te) and is 1

for (j,k) values of (1,1) or (1,2) and 0.5 for (j,k) values of

(2,1) or (2,2). The constant C contains all instrument related

functions, which are assumed to be the same whether meas-

uring Cd or Te, and is therefore cancelled out in the final cal-

culation of the Cd:Te ratio. The electron attenuation length

is given by ki and is assumed to be 1.5 nm for all layers in

the film.25 The values of all constants used are listed in

Table I.

To find the total XPS intensity, the contributions from

every segment are summed over the total number of seg-

ments, imax.

I
A=B
j;k ¼

I
A=B
i;j;k

imax

Ximax

i¼1

dA=B
i;j;k hð Þ: (4)

The parameter, dA=B
i;j;k , is determined by the position of the ith

segment. For every segment, there exists a critical angle, hcr
i ,

such that when h> hcr
i , the contribution of that segment’s

photoelectrons to the total XPS intensity is blocked by the

opposing grain facet, which describes the well-known shad-

owing effect caused by surface roughness. For facet A, hcr
i is

found by dividing the vertical distance to the opposing peak

by the lateral distance to this peak and taking the inverse tan-

gent.15 For facet B, all i segments have the same critical

angle determined by a. These conditions are expressed as

dA
i;j;k ¼

0; h � hcr
i

1; h < hcr
i ;

�
(5)

dB
i;j;k ¼

0; h � 90� a
1; h < 90� a:

�
(6)

Contributions to the XPS intensity are aggregated into

those that result in a Cd signal and those that contribute to

the Te signal

ICd ¼ rCdðIA
1;2 þ IB

1;2 þ IA
2;1 þ IA

2;2 þ IB
2;1 þ IB

2;2Þ; (7)

ITe ¼ rTeðIA
1;1 þ IB

1;1 þ IA
2;1 þ IA

2;2 þ IB
2;1 þ IB

2;2Þ: (8)

These terms are weighted by the photoelectron cross sections

(r) of each atom type. The final step in calculating Cd:Te is

to divide Eqs. (7) and (8) by one another as well as their sen-

sitivity factors as described in Eq. (1).

III. RESULTS AND ANALYSIS

The topography of a sample analyzed by XPS can

greatly affect the measured results. We have investigated the

surface roughness of our films by optical profilometry and

electron microscopy, which is summarized in Fig. 2. Figs.

2(a) and 2(d) show 2D optical profilometry data of an as-

deposited and smoothed film, respectively. The calculated

surface roughness of the as-deposited film is 1.0 lm root-

mean squared (RMS) that reduced to 350 nm in the smoothed

film. Figs. 2(b) and 2(e) give a line scan taken along the

dashed lines in Figs. 2(a) and 2(d), respectively. Figs. 2(d)

and 2(e) are plotted on the same scale as Figs. 2(a) and 2(b),

respectively, to help visualize this decrease in RMS. It is

noted that even in the smoothed sample, the RMS is still

very large as compared to the electron escape depth that dic-

tates the depth scale of XPS measurements. In addition,

although the surface roughness was reduced by about a fac-

tor of three, the same qualitative features of valleys and hil-

locks are found in Fig. 2(b) as in Fig. 2(e) meaning our

model should apply equally well to both. Also, we point out

that it is the relative coverage of the Te and Cd rich regions

that matters and not the absolute grain size. Figs. 2(c) and

2(f) show cross-sectional SEM micrographs of both the as-

deposited and smoothed film surfaces, which corroborate the

findings of the optical profilometry.

The surface roughness is parameterized in the model by

a single angle, a. This angle was experimentally determined

from the profile data in Fig. 2. By integrating the derivative

of the profile data from Figs. 2(b) and 2(e), one can define an

average slope, Savg, as22

Savg ¼
1

L

ðL

0

���� @z

@x

����dx;

where L is the total width of the profile scan, z is the height,

and x is the lateral position. From this, it is possible to calcu-

late an average value of a from

aavg ¼ tan �1ðSavgÞ:

TABLE I. The constants used for model calculations.

Constant Value

ki 1.5 nm

dgrain 1 lm

ni,1,1¼ nTe 2.94� 1022 atoms/cm3

ni,1,2¼ nCd 4.63� 1022 atoms/cm3

ni,2,1¼ ni,2,2¼ nCdTe 1.47� 1022 atoms/cm3

aas deposited 10.4�

asmoothed 3.2�

I1Cd
a 3.5

I1Te
a 5.4

rCd
b 11.95

rTe
b 18.06

aRef. 26.
bRef. 27.
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This was calculated for about 20 horizontal scans in each

topographic map and averaged. For the as-deposited sample,

a¼ 10.4�; and for the ion-milled sample, a¼ 3.2�.
Fig. 3 shows a series of XPS spectra of films taken at

different steps of the XPS analysis procedure described in

the experimental section. An oxygen 1s signal appears in the

as-deposited material. Oxygen is in the form of Te oxide and

Cd oxide as evidenced by two pairs of doublets for both Te

and Cd 3d peaks28 in the top graph. The lower binding

energy doublet of the Te 3d peaks at 568 eV and 578 eV are

from Te bonded to Cd whereas the higher one at 571 eV and

582 eV are from Te oxide.29 The Cd oxide doublet is more

difficult to distinguish as they lie closer in binding energy to

the doublet from Cd bonded to Te.28 However, a narrowing

of the Cd 3d peaks seen following Ar-ion sputtering betrays

their presence, which was also confirmed by high resolution

scans. Fig. 3 shows that within the sensitivity of these XPS

scans, the presence of oxygen disappears after Ar-ion etch-

ing, thus confirming its origin as being from a surface oxide

layer. However, after laser annealing, a small O 1s signal

reappears. Because of the precautions of the inert atmosphere

transfer and knowledge of the CdTe deposition, it is sus-

pected that this signal arises from oxygen incorporated dur-

ing CdTe CSS growth that was driven to the surface and

reacted during laser annealing.

In order to quantify the stoichiometry of the surface,

high resolution scans were performed with a spot size of

300� 700 lm2. The measured pre-annealed value of the

Cd:Te ratio (taken following Ar-ion sputter cleaning) at

h¼ 0� was found to be 1.30. A Cd-rich as-deposited surface

is consistent with several results of XPS measurements from

literature.30,31 Following laser treatment at 65 mJ/cm2 for

600 pulses, the measured Cd:Te ratio was 59.5:40.5 or 1.47.

Therefore, it appears that the surface of the CdTe became

more Cd enriched during the laser annealing process by

about 13% 6 3%. This is counter to what is expected based

on other experimental evidence3,8–12,32–36 and predictions of

thermodynamic modeling.3,13 In light of the overwhelming

evidence from several different groups and techniques, we

believe that the calculated Cd enrichment given by XPS is a

result of the Te enrichment being masked by a very thin

(sub-monolayer) Cd layer at the surface.

In order to test the effects of the surface morphology on

our results, the RMS roughness was reduced by a low-angle

ion-mill etching procedure that produced a film with approx-

imately 3 times lower RMS. The same procedure for meas-

uring XPS spectra on a pre- and post-annealed sample was

followed. This sample was laser treated for 60 s at 10 Hz

with a fluence of 55 mJ/cm2. The Cd:Te ratio for the pre-

laser treated sample was 1.16 that then increased to 1.28 for

the laser treated sample. The smoothed sample shows an

apparent increase of 10% 6 3% following pulsed laser

annealing. The fact that the smoothed and rough samples

gives the same relative change in Cd:Te ratio due to PLA

suggests that the surface roughness is not the main culprit

skewing the Cd:Te results.

Fig. 4 shows model calculations of Cd:Te for various

amounts of Cd and Te segregation at the surface. Fig. 4(a)

plots the calculated Cd:Te ratio versus d, the distance that the

Te region extends from a GB, when h¼ 0� and a¼ 10.4� (the

measured as-deposited value) where the thicknesses of the

Cd and Te layers are equal in each curve. The circles (red)

are for hcd¼ hte¼ 0 and as expected, Cd:Te approximately

equals 1 and is independent of d, even for a non-smooth film.

The small deviation from stoichiometry (�2%) in the non-

overlayer material can easily be explained by uncertainties in

the photoelectron cross sections and sensitivity factors

used.23 The triangles (blue) are for hcd¼ hte¼ 0.5 Å and the

squares (green) for hcd¼ hte¼ 2 Å. To put these overlayer

thicknesses into perspective, the atomic spacing of both ele-

mental Cd and Te are approximately 3 Å (Ref. 37) so both of

these overlayers are sub-monolayer. As seen from these

curves, even this very small amount of elemental Cd and Te

causes the overall XPS Cd:Te ratio to deviate strongly from

stoichiometry. In fact, one sees that in the presence of such

thin overlayers, how unlikely it is that XPS measurements

will appear stoichiometric even though the near-surface bulk

is perfectly stoichiometric. The measurements of Nelson

et al.12 showed that some amount of surface segregation

existed in their as-deposited p-CdTe. If this is generally true,

large deviations from stoichiometry from XPS should be

expected and is one possible explanation for the large devia-

tions reported in the literature. Similar curves were obtained

for a¼ 3.2�, and it was found that there was negligible differ-

ence in these curves as a was varied over a range of 0� to

20�. This suggests that the differences in surface roughness

studied here are not large enough to drastically alter the

measured Cd:Te ratio. This coincides with our experimental

findings above.

The anticipated effect of laser annealing is simulated in

Fig. 4(b) by assuming that the Te overlayer grows with

FIG. 3. XPS data showing the sequence of measurement starting with the

top showing the as-deposited film. The middle data follow ion sputtering to

remove surface oxides and the bottom is following UV laser treatment.
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respect to the Cd overlayer. The triangles (black) assume

equal thicknesses of Cd and Te overlayers (hCd¼ hTe¼ 1 Å)

as a possible pre-anneal situation. As an example, the verti-

cal arrow points to our measured pre-annealed value of

Cd:Te. The other curves (red squares, green circles, and blue

diamonds) increase the Te layer thickness to hTe¼ 5 Å, 10 Å,

and 20 Å, respectively, while the Cd overlayer is held

constant at hCd¼ 1 Å. The horizontal arrows are at our meas-

ured value of Cd:Te following laser annealing. Qualitatively,

these calculations suggest that our data can be explained if

the laser induced Te enrichment is confined to a region very

near GBs following laser annealing.

Calculations of angle-resolved XPS measurements are

presented in Fig. 4(c) in addition to our measured data. The

bottom curve (green squares) is for a uniform overlayer of

Te 5 Å thick. The middle curve (blue circles) is for a partial

Te overlayer (d¼ 100 nm and hTe¼ 5 Å) and no Cd over-

layer (hCd¼ 0). In both cases, the Cd:Te ratio moves more

towards a Te-rich value as h is increased from 0�. This is the

opposite trend seen in our data. The feature near 80� is evi-

dence of the well-known shadowing effect that occurs at

h¼ 90� - a.15 Since this is much greater than the range of h
available to us experimentally, shadowing is not the cause of

our Cd:Te ratio discrepancy. The top curve (black squares) is

for hTe¼ 10 nm and hCd¼ 1 Å and d¼ 14 nm. The inclusion

of roughly a third of a monolayer of Cd causes the Cd:Te ra-

tio to increase with h, matching the experimental observa-

tion. The source of this rise is the surface sensitivity of XPS

and the large surface area of the Cd overlayer relative to the

Te overlayer. This can be seen when looking at the calcu-

lated Cd and Te intensities alone (Eqs. (7) and (8)). The Cd

intensity remains relatively constant until h reaches very

large angles. However, for the thicker Te layers, there is an

immediate reduction in Te signal with increasing h. This can

be seen in equation (2) as the angle-dependent argument of

the exponential term is weighted by the overlayer thickness

meaning thinner layers lead to a smaller angle dependence.

IV. DISCUSSION

Our calculations show that the trends in the experimen-

tal data can be replicated when Te is localized at GBs and a

thin Cd overlayer is included elsewhere. It is possible to sim-

ulate the qualitative behavior of our data by only including a

Cd overlayer. However, the presence of some surface region

of Te enrichment seems absolutely necessary to coincide

with the abundance of experimental evidence. Bolstering the

claim of Te segregation is the observation of Te islands on

pulsed laser annealed c-CdTe.36 The incorporation of Te at

the GB is based on the previous work of Nelson et al.12 that

also showed some degree of Cd and Te segregation prior to

PLA treatments. Fig. 4(b) shows that this can be true within

our experimental and calculated results if the PLA leads to a

larger confinement of the Te-enrichment near GBs (i.e., d

becomes smaller to explain Cd:Te ratio increase). Further

experimentation is necessary to confirm this.

The analysis presented here is valuable in two respects.

First, it shows that a segregation of Te and Cd at the surface

of p-CdTe resulting from PLA with Te-enrichment occurring

near GBs can explain our experimental results and is consist-

ent with previous observations. Second, this work reveals a

possible large source of error when calculating the stoichi-

ometry of multinary material surfaces from XPS data if there

is surface segregation. XPS has been used frequently to mea-

sure the surface stoichiometry in both p-CdTe and c-

CdTe.30,31,38–44 Specifically, it is often used to investigate

FIG. 4. Model calculations for various experimental situations. (a) h¼ 0�

where hcd¼ hte¼ 0 Å (circles, red), hcd¼ hte¼ 0.5 Å (triangles, blue), and

hcd¼ hte¼ 2 Å (squares, green). (b) h¼ 0� and hcd constant at 1 Å with

hte¼ 1 Å (triangles, black), hte¼ 5 Å (squares, red), hte¼ 10 Å (circles,

green), and hte¼ 20 Å (diamonds, blue). (c) Angle-dependent calculations

and data. The squares (green) assumes a uniform overlayer of Te (hte¼ 5 Å).

The circles (red) have only a partial Te overlayer with d¼ 100 nm and

hte¼ 5 Å. The open triangles (blue) are from angle-resolve XPS data after

annealing with the pre-annealing stage given by the star (red). The solid tri-

angle line running through these points were calculated with hcd¼ 10 nm,
hte¼ 1 Å, and d¼ 14 nm.
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stoichiometry changes induced by a particular surface treat-

ment or processing condition where relative changes are

compared to a reference sample.30,41–44 However, in most

cases, even the reference samples give Cd:Te ratios that

deviate from the expected stoichiometric value 1:1, which

typically goes unexplained. This work shows that the segre-

gation at the surface of even sub-monolayers of Cd and Te

leads to large enough deviations from stoichiometry to

account for the variations seen in literature (typically about

610% from stoichiometry). According to our results, varia-

tions in surface roughness, which is believed to be a common

source of error in XPS quantification, is a smaller effect than

segregation. This could be particularly important when XPS

is used to study chemical etching effects where the etchants

preferentially attack GBs as is often the case for p-CdTe.

Since the model is an approximation of the actual sur-

face morphology, several reasons exist why the values used

here could vary from those actually in our samples. First of

all, h is highly dependent on the microscopic geometry of

the sample. Therefore, local deviations in h (not considered

here) could have an effect on the angle dependent results,

which would especially be true if variations are larger nearer

the GB. For instance, if the sidewalls of the grains were not a

single slope as assumed in the model but had two character-

istic slopes with the larger one nearer the GB, one would

anticipate an undersampling of the Te-rich GB region. In

addition, assuming distributions of only elemental Te and Cd

at the surface excludes the possibility that stoichiometric

CdTe also exists at the surface. However, adjusting the

model to account for these complexities would not add to the

qualitative understanding while only increasing the number

of computational variables.

In light of the evidence that PLA causes Te-enrichment

at the surfaces of GBs, a picture of the conduction process at

the back contact of a photovoltaic device with a PLA pre-

treatment begins to emerge. Elemental Te is a degenerate p-

type semiconductor that lowers the valence band offset at the

CdTe surfaces between a Te overlayer and CdTe bulk.42,43

Thus, a Te overlayer should improve photovoltaic device

performance as others have shown.45,46 However, the addi-

tional presence of a Cd overlayer from the PLA treatment

further complicates this interpretation. First of all, the solid

Cd overlayer assumed in our model is a simplification of

what is most likely a slightly Cd-rich CdTe phase. Both in-

terstitial and antisite Cd defects are donors47 in CdTe making

this region increasingly n-type and an impediment to hole

conduction through these regions. Kraft et al. showed that

Cd-rich overlayers produce surface dipoles and thus band

offsets that raise the barrier height for hole conduction even

when very large work function materials are used.48 They

calculated that a Cd layer as thin as 1/100 of a monolayer

was enough to create this effect. Furthermore, several studies

have shown that GB cores are depleted of holes and act as ef-

ficient minority electron current carrying regions49–52 while

another recent study showed hole conduction at some GBs.53

A Te-rich region over a hole depleted GB would lead to a

non-ohmic junction. In light of our previous work that

showed decreased back contact resistance from PLA treated

solar cells, it seems that at least some of the GBs must

transport holes, although it is certainly possible that both

kinds of GB regions exist. Further experimentation is neces-

sary to understand the microscopic nature of current conduc-

tion in PLA treated p-CdTe solar cells.

V. CONCLUSIONS

The raw XPS data presented show a Cd-enrichment at

the surface of p-CdTe as a result of pulsed UV laser treat-

ment. This is contradictory to the expected result from litera-

ture as well as our previous electrical measurements, which

all show a Te-enrichment at the surface. To resolve these

findings, a model was developed that calculated the effects

of surface topology and overlayers on the expected Cd:Te ra-

tio from XPS measurements. These calculations showed that

the idea of a uniform Te overlayer at the surface of a pulsed

UV treated p-CdTe film was inconsistent with our angle-

resolved XPS measurements. By including elemental Te

regions localized at the surfaces of grain boundaries and ele-

mental Cd layers at the surface of grain interiors, our XPS

results could be explained. It was found that the thicknesses

of these Cd overlayers only needed to be on the order of 1 Å

to have a significant impact on the Cd:Te ratio whereas vary-

ing the surface roughness had only a limited effect. It is only

through the inclusion of a Cd overlayer in addition to a Te-

rich region at the grain boundary that we find good qualita-

tive agreement with our results that is also consistent with

previous literature results.
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