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Abstract. The bulk-to-surface segregation of In impurityarpolycrystalline Cu crystal was
measured using Auger Electron Spectroscopy (AES) tame-of-flight secondary ion mass
spectrometry (TOF-SIMS) coupled with a programmaliieater. AES segregation
measurements were carried out using constant tetypes in the temperature range 733 K to
853 K. The measured AES data showed that In satgdg the surface and it has reached a
relative high surface concentration on the Cu serfaThe AES In segregation data was fitted
with the semi-infinite model of Fick's equation tbtain the In bulk diffusion parameters
(Dp=1.1x 10 m?® s*, Q = 191.9 kJ mal). In a polycrystalline Cu crystal, segregation
measurements could be affected by the surfacetatien of the different grains. The effect
that the surface orientation of the grains hashenlh segregation was obtained with TOF-
SIMS measurements (carried out using the lineapéeaiures method). The TOF-SIMS In
segregation data from two twin grains showed egegtegation rates, which is expected since
the twin grains have the same surface orientatidtowever, segregation data from two
different grains showed different segregation rathih confirm the effect surface orientation
has on segregation.

1. Introduction

The Cu-In system receives attention particularly dpplications in solar cells, thin-film transistor
liquid-crystal display, ultra-large-scale integatdevices [1-3]. In surface and interface scietioe,
properties of a surface layer of a crystal can bdified such that they differ significantly fromathof

the bulk layers especially in elemental compositi@imilarly, a grain boundary composition can be
modified such that it differs significantly fromahof the grain/bulk layers. Such modification in
surface and grain boundary composition could keregt through a diffusion and segregation process
(that results from a heat treatment of a crystalJ. crystal containing active impurities (with a
negligible bulk concentration), if is heat treatatl a relatively high temperature the impurities
accumulates on the surface and grain boundariaspofstal as a result of the segregation procdss [4
In some of these crystals, not only segregatiommpiurities occurs during heat treatment but also
twinning (i.e. twin boundaries) that also occursimg crystal deformation [5]. In a polycrystalline
crystal, a single grain without twinning has ideatisurface orientation of atoms arrangements (Eigu
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1). However, for adjoining grains the surface aiadion differs from grain to grain. For a singleig
with twin boundaries the surface orientation fomtgrains is identical, what is observed is a sgleci
mirror image misorientation of the initial lattictructure (see figure 1) [5]. It has been shown in
literature that segregation kinetics depends ongtiag/surface orientation of the crystal [6, 1h
support of literature, segregation kinetics measergs on different grains with probably different
surface orientations are fascinating aspects testiyate.

In this study, the focus is on measuring the baklsdrface segregation of In impurity in a
polycrystalline Cu crystal using Auger Electron 8pescopy (AES) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) coupled with a prognainie heater. Note that studies on In
segregating from the bulk to the surface and goaimdaries of a Cu crystal are lacking in literatur
The AES In segregation data (carried out usingctivestant temperatures) was fitted with the semi-
infinite model of Fick to obtain the In bulk diffieh parameters, namely the pre-exponential factor
(Do) and the activation energ®). The effect that the surface orientation of ghains has on the In
segregation was also obtained with TOF-SIMS measenés (carried out using the linear
temperatures method).

A grain without twinning A grain with twinning
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Figure 1. The schematic diagrams of (a) a grain withountoundaries ((b) has identical surface
orientation of atoms arrangements); (c) for a gdiinded into twin grains by twin boundary ((d) a
special mirror image misorientation of the initi@itice structure is observed [5]).

2. Experimental details
Cu crystals (0.70 mm thick and 10 mm diameter) wit8 bulk concentration of 0.0008 at% (8 ppm)
were obtained from a high purity (99.99 %) polytajiine Cu. The Cu crystals were doped with a low
concentration of In of 0.06 at%. The detailed C0§0at% In) alloy preparation procedure is
published elsewhere [8].

An In doped Cu crystal was mounted on a heatedénttie AES ultra high vacuum chamber. AES
was used to monitor the polished surface (mechiyigmlished to 0.05um using a diamond
suspension solution) of the crystal during constasdting of the crystal. AES constant temperature
measurements were recorded for Cu (922 eV), S €1§3and In (405 eV) for temperatures 733 K;
763 K; 793 K; 823 K and 853 K. For each tempemgtar crystal was heated for 1 h to establish a
thermal equilibrium then sputtered over a 2000 8@2Anf area for 30 s. The Auger spectra of the
crystal were obtained and showed only the segimgafiln and S.

Furthermore, an In doped Cu crystal was mounted programmable heater inside the TOF-SIMS
ultra high vacuum chamber. TOF-SIMS measuremergse wecorded (from a crystal polished
surface) for In impurity segregation from a Cu tayusing a 30 keV Bi lon beam and linear
temperature ramp at a heating rate of 0.05 K/sasuements were performed in a positive polarity.
Before each segregation measurement the crystimiceuwas sputtered over a 700 x 706" area
using a 2 keV @ lon beam.



3. Results and Discussion

The AES segregation measurements were performggkimiddle of a grain on the surfi as shown
(with a marker A) in the insert digure z. Figure 2, shows the&urface enrichment of In and S fr an
In doped polycrystalline Cu crystabhich was obtained from the constant tenapare measuremel

at 733 K. In figure 2, twdlistinctive region (looking at In datapre shown: In region (kinetic
region) it can be seen that initially In segreg:i to the surfae at a higher segregation rate. Howe
in region B the segregation radé In decreased significantlyFrom the measured AES segrtion

data, S (a common Cu impurity) was also observestg¢pegate with | A high segregation rate of

could beas a result of a higher In bulk concentrati0.06 at%) and the bulfiffusion coefficient D).

Since, the segregation rate is limitedthe change in the chemical potentigk) (i.e. a function of th:
impurities bulk concentration) and the k diffusion coefficients characterized by inherent activat
energy (that could be low#n give a highediffusion coefficient) and the pre-expential facto. The
effects of the bulk concentratiok) and the bulk diffusion coefficienDj on segregation kinetics a
brought together by the seinifinite model of Ficl that best describe the kinetics of segrege
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Figure 2. AESIn and S segregation data measured at a co temperature of 33 K. The
insert is thesecondary electron detector mi image of goolycrystalline Cu cryst surface
that demonstrates spot A used fcthe segregation measurements.

The semi-infinite model of Ficfor surface concentrationX?) of segregating impurities with tim

(t) (alsoadapted to account for the sputter depl¢ after sputtering for timetd) is given by the
following expression [9-10]:

X% = X%+ XB 1+£(D(t+to)]3/2 _x® E(%jvz
- d T d\ 7 1)

whereX{is the number of segregatimpurities that were not sputtered ®is the impurity bulk

concentrationd is the thickness of the segregated layer aD = Dy expEQ/RT) is a diffusion
coefficient with activation energ® and pre-exponential fact@x, at a constant temperattT.

The data points of the kinetics of segregationigred in figure 2) ofln measured frora In doped
polycrystalline Cu crystaht constar temperatures 0733 K; 763 K; 793 K; 823 K and 853 were
fitted with equation 1 adjusting a parameD as shown in figure 3(a). Fitté2lvalues were plotted ¢



shown in figure 3(b) and from a plot the pre-expura factor and the activation energy
(Do =1.1 x 10 n? s, Q = 191.9 kJ mat) were extracted for In bulk diffusion in the Ciystal.
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Figure 3. (a) In segregation data measured from a In doped pataltine Cu crystal at a
constant temperatures of 733 K; 763 K; 793 K; 828nd 853 K. The solid lines are the
best fits of the semi-infinite model of Fick. (bjrAenius plot of fitted values.

The bulk diffusion parameter®¢= 1.1 x 1¢ m? s*, Q = 191.9 kJ ma!) of In segregation in Cu
crystal obtained from this study using the constambperature method compare well with those
obtained from the same crystal using the linear penature method Dp=1.8 x 1 m? s?,

Q = 184.3 kJ mot) [12].

The In bulk diffusion parameters obtained in this stuzbuld be affected by the surface
orientation of the different grains, since they evextracted from the segregations kinetics. It
is known in literature that segregation kineticpeleds on the grain/surface orientation of the
crystal [6, 7]. The effect that the surface oréioin of the grains has on the In segregation



was obtained with TOBIMS measurementsee figure 4).From the insert of figure 4t can
be seen from the elemental mhgt the In segregated from the bulk to the gramridaries and gra
surfacesThe TOF-SIMS Irsegregation data from two twin gre (indicated with a marker ,
and B in figure 4(a) inserghowed equal segregation r: (from low crystal temperatures |
to 520 K as shown in figu(a), which is expected since the twin grains have Shme
surface orientation. However, segregation datanftwc different maingrains shwed
different segegation rates (see figt 4(b)) which confirm the effect surface orientation |
on segregatiokinetics. Clearly, these suggest tthe In bulk diffusion parameters obtained
this study will differ significantly between graimgth differentsurface orientationsHowever, the
parameters could be compara
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Figure 4. TOF-SIMSIn segregation data of a linear heat run measurdifferent positions
(A—C) on the Cu surface. The insert iTOF-SIMS elemental map of the segregatio on
the surface of the Cu crystal after annea



It should be mentioned that in TOF-SIMS measurest segregation of other impurity such as
K was measured at higher temperatureSZ8 K), and as its concentration increased on the suifac
strongly interacted with In on the surface causindesegregation.

The large difference as seen in the maximum surfatensities from the two twin grains
(Figure 4(a)) could be related to the impuritiefeiaction energies according to the Guttmann model
(that relates the maximum surface concentrationgh& impurities segregation and interaction
energies) [13]. Nevertheless, such a large diffezein the intensities could not be related to
impurities interaction energies (because the twaing have the same surface orientation and the sam
impurities were measured from either grain). Ahhigtensity in figure 4(a) suggested that there is
more of In impurity in the twin grain marked B iigtdire 4(a) (as compared to the adjacent twin grain)

4. Conclusion

In this study, the bulk-to-surface segregation mfimhpurity in a polycrystalline Cu crystal was
measured using AES and TOF-SIMS coupled with anaraghable heater. From the measured AES
data the In bulk diffusion parametei®E 1.1 x 1 m?* s*, Q = 191.9 kJ mot) were obtained. The

In bulk diffusion parameters obtained in this stwidynpare well with those obtained from the same
crystal using the linear temperature methbg < 1.8 x 1F m? s*, Q = 184.3 kJ ma}) [12]. Since
measurements were carried out from a polycrystabiystal, the effect that the surface orientatibn
the grains has on the In segregation was obtaintdMOF-SIMS measurements. The TOF-SIMS
segregation data from two twin grains showed egegregation rates, which is expected since the
twin grains have the same surface orientation. TO&-SIMS segregation data from two different
grains showed different segregation rates whichficonthe effect surface orientation has on
segregation data. Therefore, In bulk diffusionapagters obtained in this study could be expected to
differ significantly if measured on a different gravith a different surface orientation.

Acknowledgments

This work is based on the research supported bystheh African Research Chairs Initiative of the
Department of Science and Technology and NatioredeRrch Foundation of South Africa. The
University of the Free State Cluster program isnaeledged for financial support.

References

[1] Hsu CS, Hsieh HY, Fang JS 20088urnal of Electronic Material87 6

[2] Wronkowska AA, Wronkowski A, Skowrski £ 2009Journal of Alloys and Compound39
583

[3] FangJS, Hsieh HY 20Qiburnal of Electronic Material86 129

[4] 1990Surface Segregation Phenomead PA Dowben and A Miller (Florida: CRC Press.)n

[5] 1996The Science and Engineering of Materi@fsedition, ed DR Askeland (United Kingdom:
Nelson Thornes Ltd) chapter 4 p 101

[6] Terblans JJ and van Wyk GN 2088rface and Interface Analy$s 779

[7] Terblans JJ and van Wyk GN 2084drface and Interface Analysi§ 935

[8] Madito MJ, Swart HC and Terblans JJ 201IBin Solid Filmsl0.1016/j.tsf.2013.05.143

[9] Terblans JJ, Swart HC 20@9Journal of Surface Science and Nanotechnofoffy0

[10] Viljoen EC and du Plessis J 198&rface and Interface Analysi8 110

[11] Du Plessis J, Viljoen PE, Van Wyk GN 198urrface Scienc@44277

[12] Madito MJ, Swart HC and Terblans JJ 2@i8face and Interface Analys 1020

[13] Swart HC, Roos WD, Terblans JJ 20Bdrface and Interface Analys36 285



